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We demonstrate a sub-nanosecond, high peak power Yb:YAG/Cr*":YAG/YVO, passively Q-switched Raman
micro-laser (PQSRML) operating at 1134 nm. The effect of transmission of the output coupler (Toc) and crtt:
YAG initial transmission (Tp) on the Raman laser performance have been investigated. Stable Raman laser pulse
trains have been observed for Yb:YAG/Cr*":YAG/YVO4 PQSRMLSs with different combinations of output couplers
and Cr**:YAG crystals. Maximum average output power of Raman laser was 142.8 mW with Toc = 11% output
coupler and Ty = 90% Cr*":YAG. Enhanced Stokes pulse performance of 24.1 pJ, 45.1 kW, 535 ps was achieved

with Toc = 16% and Ty = 85% Cr*":.YAG. A modified Raman laser rate equation model is established and the
theoretically calculated results are in fairly good agreement with experimental results.

1. Introduction

Laser-diode (LD) end-pumped cr*tYAG passively Q-switched micro-
lasers (PQSMLs) can produce sub-nanosecond or even picosecond pulses
maintaining modest pulse energy and high peak power. PQSMLs possess
merits of high compactness, good stability, low cost and easy alignment.
However, emitting wavelengths of conventional PQSMLs are limited by
the spontaneous fluorescence spectra of rare-earth ions. PQSMLs oper-
ating around 1.1 pm are still difficult to fabricate due to short of
appropriate laser materials with high gain and suitable saturable ab-
sorbers (SAs). Lasers oscillating around 1120-1150 nm can be used to
generate yellow-green lasers by frequency doubling [1,2], which have
growing demand for many biomedicine applications such as cytology,
ophthalmology, dermatology and laser-based confocal microscopes.
Especially, 0.56 pm yellow-green laser radiation has important appli-
cations in flow cytometers because of its excellent excitation efficiency
of phycoerythrin (PE) and red fluorescent proteins (DsRed and dTo-
mato) [3-6]. The frequency doubling of 1123 nm Nd:YAG laser has been
identified as a common method for obtaining 561 nm yellow-green laser
radiation. However, the low strength of transition (R1-Y6) of Nd:YAG
crystal for generating 1123 nm leads to the lasers require extra fre-
quency selectors such as etalon, birefringent filter and volume Bragg
gratings or specially designed coatings, which makes the lasers
complicated and high cost. Therefore, more efforts should be made for
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developing miniature, high peak power pulsed laser sources around
1120-1150 nm. Stimulated Raman scattering (SRS) is an alternative
method to generate special laser radiations, which are difficultly ach-
ieved from the straightforward lasing of common rare-earth ions doped
laser gain media, for instance at 1120-1150 nm. Combining the SRS
process with LD pumped PQSML technique is a promising approach to
achieve sub-nanosecond laser pulses and meanwhile expand the spectral
region of conventional PQSMLs.

Yttrium vanadate (YVOy) crystals have been recognized as effective
Raman media because of excellent optical and mechanical properties
such as large damage threshold, high Raman gain and a wide spectral
transparent range [7]. In 2018, simultaneous dual-wavelength Raman
laser emitting at 1164.4 nm and 1174.7 nm with sub-nanosecond pulse
performance directly pumped by 880 nm LD has been demonstrated
from the Nd:GdVO4/Cr4+:YAG/YVO4 PQSRML [8]. Ytterbium (Yb) ions
doped laser materials possess several advantages over Nd>* ions doped
laser gain media, such as simple energy structure, low quantum defect,
wide absorption spectrum, long fluorescence lifetime and permitting
high doping concentration [9]. Therefore, Yb®* doped laser materials
are  desirable for developing sub-nanosecond PQSRMLs.
Sub-nanosecond PQSMLs utilizing Yb:YAG [10,11] and Yb:KLu(WO4)2
[12] crystals as laser gain media and Cr**:YAG crystals as SAs operating
around 1 pm have been investigated. Cr*":YAG passively Q-switched
self-Raman lasers based on Yb®":KGA(WO.,) [13,14], Yb*":KY(WO4),
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[15], Yb:KLu(WOQy4), [16-18] and Yb3+:YVO4 [19] crystals producing
first-order Stokes laser around 1120-1150 nm have been demonstrated.
However, the shortcomings of self-Raman lasers are severe thermal
loading. The utilization of discrete laser gain medium and Raman me-
dium is an effective strategy for good thermal management to avoid
severe thermal loading. In 2018, a multi-wavelength, sub-nanosecond
Yb:YAG/Cr**:YAG/YVO, PQSRML emitting Raman laser at 1-1.26 pm
with a pulse duration of 440 ps and peak power of 9.2 kW has been
obtained [20].

For most conventional intracavity Raman lasers, in order to acquire
high intracavity power density, output couplers are always high-
reflection (HR) coated for fundamental laser wavelengths and mean-
while suitable partial transmission (PR) for desired Raman laser lines.
However, it makes huge challenges for the coating technique. The
damage threshold of the complicated coating film may be reduced.
Consequently, the deliberately designed coating film of OCs makes the
laser system high cost and unsuitable for high peak power operation. It is
valuable to find a straightforward and convenient method for devel-
oping low-cost PQSRMLs with stable operation under high peak power
level.

In this paper, sub-nanosecond Raman laser pulses at 1134 nm have
been obtained from a LD pumped PQSRML using Yb:YAG as laser crystal
and c-cut YVO4 as Raman crystal. The OCs used in the experiment are
originally designed for 1 pm Yb:YAG laser without specific coating for
particular Raman laser wavelength. The dependence of the Raman laser
performance on the transmission of output couplers and initial trans-
mission of Cr*":YAG have been investigated.

2. Experimental setup

The experimental configuration of LD pumped Yb:YAG/Cr*t:YAG/
YVO4 PQSRML for generating 1134 nm Raman laser is shown in Fig. 1
(a). The energy level diagrams for a typical quasi-three-level Yb:YAG
crystal is shown in Fig. 1(b). A continuous-wave (CW), fiber-coupled LD
arrays emitting at 940 nm with a fiber core size of 200 pm and numerical
aperture (N.A.) of 0.22 was employed as the pump source. The optical
coupling system was a combination of two aspheric lenses with 8 mm
focal length. A 1.2-mm-thick, 10 at.% doped Yb:YAG crystal was used as
the laser gain medium. The rear surface of the Yb:YAG crystal was
coated with anti-reflection (AR) at 940 nm and high-reflected at
1030-1100 nm (R > 99.8%) to serve as the rear cavity mirror of the
micro-laser resonator. A 3-mm thick, c-cut YVO4 crystal was used as the
Raman active medium. Two different Cr**:YAG samples with To = 90%
and 85% were used as the saturable absorbers. The corresponding
thicknesses were 0.5 mm and 0.8 mm, respectively. Several 2-mm-thick
commercial BK7 plane mirrors with different Tocs from 2% to 16% at
1030 nm originally designed for 1 pm Yb:YAG laser were employed as
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OCs. The transmissions of OCs for fundamental laser at 1030 nm were
measured to be 2%, 6%, 11%, 16%. For Raman laser at 1134 nm, the
transmissions of OCs were 3%, 7%, 13%, 18%, which differed by
approximately 1%-3% from that of fundamental laser. All optical cavity
elements were mounted in mechanical contact as close as possible with
each other by a pair of copper plates with 3 mm diameter central holes.
The copper holders were also served as the heat sink to mitigate the heat
accumulation. The experiments were carried out at room temperature
and no active cooler were applied. The overall geometrical cavity length
is shortened to be only 4.7 mm or 5 mm depending on the length of Cr**:
YAG crystals. The average output power was measured by a Thorlabs
PM200 power meter in the experiment. An Anritsu optical spectral
analyzer (MS9740A) was employed to record the emitting laser spectra.
A digital oscilloscope (6 GHz bandwidth, TDS6604, Tektronix Inc.) and a
5 GHz InGaAs photo-diode were used to record and analysis the laser
pulse characteristics.

3. Experimental results

3.1. Effects of Toc on laser performance of Yb:YAG/Cr**:YAG/YVO,
PQSRML

The effect of Toc on the performance of the Yb:YAG/! Ccr*t:YAG/YVO,
PQSRML was studied when the Ty of Cr**:YAG crystal was set to 90%.
For the Yb:YAG/Cr**:YAG/YVO, PQSRML with Ty = 90% SA, the evo-
lution of the typical emission spectra with Tocs at Pj, = 3.9 W is shown
in Fig. 2(a)-(d). An enlarged emission spectrum with fine spectral in-
formation for Toc = 6% is shown in Fig. 2(e). The emission spectra
contain both Raman laser and residual fundamental laser. The 1134 nm
Raman laser is converted from 1030 nm fundamental laser via the
strongest Raman frequency shift of 890 cm ™! for the c-cut YVOy crystal.
The spectral intensity ratios of the Raman laser to the fundamental laser
increased with the decrease of Toc. The simultaneous emitting of
fundamental laser and Raman laser with high peak power is favorable
for the generation of several visible lines such as 515 nm and 567 nm or
even ultraviolet radiation wavelengths by SHG (second harmonic gen-
eration) or SFG (sum-frequency generation).

The multi-longitudinal mode oscillation was dominant in the Yb:
YAG/Cr*":YAG/YVO, PQSRML with different Tocs due to the wide
spontaneous emission spectra of Yb:YAG crystal. For Cr*":YAG passively
Q-switched lasers, the laser pulses growth process also provides a nat-
ural selection mechanism of oscillating longitudinal modes [21]. As
Cr**:YAG is a “slow” saturable absorber, the growth of laser pulse in-
tensity is very slow and a large number of passes is required for the laser
pulses arise from the noise level to its peak value. This time is long
enough for the effective longitudinal modes selection. Generally, the
emitting spectrum in the case of passively Q-switched operation is
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Fig. 1. (a) Schematic diagram of Yb:YAG/Cr*":YAG/YVO4 PQSRML. (b) Energy level diagrams of Yb®" ion. The calculated Boltzmann occupation factors at room

temperature (300 K) are also shown.
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Fig. 2. (a)-(d) Typical emission spectra of Yb:-YAG/Cr*":YAG/YVO, PQSRML for various Tocs at Py, = 3.9 W. (e) Enlarged emission spectrum with fine spectral

information for Toc = 6%.

usually narrower compared with CW performance, indicating that single
longitudinal mode output can be achieved with Cr*":YAG saturable
absorber under some certain circumstances [22-25]. The longitudinal
modes separations for 1030 nm fundamental laser and 1134 nm Raman
laser were measured to be approximately 0.23 and 0.29 nm, respec-
tively, as shown in Fig. 2(e). The longitudinal modes separations of
fundamental laser and Raman laser are about 3.8 and 3.9 times of the
free spectral range (FSR) of the Yb:YAG/Cr4+:YAG/YVO4 PQSRML,
respectively, which is determined by A4 = AZ/ZLC [26] where L¢ is the
optical length of the laser resonator and A is the wavelength of the
fundamental laser or Raman laser. The wide longitudinal mode spacing
for both fundamental and Raman laser is mainly due to the mode se-
lection property of the tilted intracavity etalon by the 1.2-mm-thick Yb:
YAG crystal. The number of Raman laser longitudinal modes is obvious
less than that of fundamental laser indicating that a cleaning effect of
multi-longitudinal mode for fundamental laser can be achieved by the
SRS process.

First, the dependence of the Raman laser average output power of
Yb:YAG/Cr**:YAG/YVO, PQSRML on Tocs was investigated with Ty =
90% Cr**:YAG crystal as SA, as shown in Fig. 3. A longpass optical filter
(T >90% at 1114-2150 nm and R > 99.99% at 1030 nm) was employed
to separate the Raman laser and fundamental laser. The utilization of OC
with low transmission (Toc = 2%) resulted in coating damage on the
surfaces of YVO4 and Cr*":YAG crystals when Pj, > 4 W. Therefore, the
Py, was limited to 3.9 W for avoiding coating damage with Toc = 2%.
The lasing threshold of Raman laser was about 2 W, 2.2 W, 1.9 W and 2
W for Toc = 2%, 6%, 11% and 16%. The Raman laser average output
power increases almost linearly with Pj, for different Tocs. The slope
efficiencies were approximately 2.9%, 4.1%, 4.4% and 3.4% for Toc =
2%, 6%, 11% and 16%, respectively. The maximum Raman laser
average output power of 53 mW was achieved at Py, = 3.9 W for Toc =
2% with a corresponding optical-to-optical efficiency of 1.4%. For Toc
= 6%, 11% and 16%, the maximum Raman laser average output power
was 112 mW, 142.8 mW and 118.8 mW at Pj, = 5.25 W, respectively.
And the corresponding optical-to-optical efficiency was 2.1%, 2.7% and
2.3%, respectively. The best performance was achieved with Toc = 11%.
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Fig. 3. Raman laser average output power of Yb:YAG/Gr*":YAG/YVO,
PQSRML for Toc = 2%, 6%, 11%, 16% OC with Ty = 90% Cr**:YAG versus P;,

As shown in Fig. 3, the Raman laser average output power tended to
increase slowly when Pj, exceeded 4.3 W for Toc = 11% and 16%. Ac-
cording to Pheat = Ps1(4s1/41-1) (Pg; is the time-averaged power of first-
order Stokes laser, and /A, and Ag; are the fundamental and first-order
Stokes laser wavelengths, respectively) [27], the thermal loading
(Pheat) in the Raman medium by the SRS process depends on the Raman
output power. The higher Raman output power for the case of Toc =
11% and 16% resulted in more severe thermal effect, which declined the
growth rate of output power under high pump power.

Fig. 4 shows the repetition rate, pulse width, pulse energy and peak
power for the Stokes laser obtained in the Yb:YAG/Cr*:YAG/YVO,
PQSRML varying with Py, for different Toc in the case of Ty = 90% crt:
YAG. The repetition rate increases nearly linearly with Py, for different
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Fig. 4. (a) Repetition rate (R.R), (b) pulse width (ts), (c) pulse energy (Es) and (d) peak power (Pycq1) for the Stokes laser of the Yb:YAG/Cr4+:YAG/YVO4 PQSRML

versus Py, for Toc = 2%, 6%, 11% and 16% with Ty = 90% Cr**:YAG.

Toc. While other pulse characteristics (ts, Es, Ppeak) exhibits weak
dependence on the pump power as Pj;, is well above the SRS threshold.
The optimal pulse performance (large pulse energy, high peak power
and short pulse width) of Yb:YAG/Cr**:YAG/YVO, PQSRML was ob-
tained with Toc = 11%. At P, = 5.25 W, the highest pulse energy and
peak power reached 18.9 pJ and 33.2 kW, respectively. Meanwhile the
corresponding repetition rate and pulse width were 7.57 kHz and 567
ps, respectively. The further increase of Toc from 11% to 16% shows a
dramatic deterioration in the Raman pulse performance as shown in
Fig. 4, which is attributed to the lower intracavity fundamental laser
intensity induced by the low reflectivity of OC with Toc = 16%. The
extraordinary increase of repetition rate for Toc = 16% may be caused
by more thermal effect induced by the less efficient Raman laser per-
formance of Yb:YAG/Cr*":YAG/YVO, PQSRML. The pump beam size
decreases as the thermal effect becomes stronger with pump power
increasing, which results in the pump power intensity increases [28].
Moreover, the initial transmission of Cr**:YAG may slightly increase
with the temperature rising [29] due to the relative stronger thermal
effect in the case of Toc = 16%. Therefore, the increase of repetition rate
in Yb:YAG/Cr*+:YAG/Y VO4 PQSRML for Toc = 16% occurs, as shown in
Fig. 4(a). Table 1 summarizes output laser characteristics of Stokes laser

Table 1
Output characteristics of the Yb:YAG/Cr**:YAG/YVO, PQSRML for various
Tocs“.

Toc, % Pg, mW R.R, kHz Eg, pJ Ppeals kKW ts, ps
2 53 6.25 8.5 11.2 754
6 112 7.69 14.6 23.3 623
11 142.8 7.57 18.9 33.2 567
16 118.8 8.62 13.8 19.8 697

# Ps — maximum average output power of Stokes laser, E; — maximum pulse
energy of Stokes laser, Ppe,x — maximum peak power of Stokes laser, ts — pulse
width of Stokes laser.

at their corresponding available maximum pump power for different
TocS.

Fig. 5 shows the typical pulse profiles and pulses trains in Yb:YAG/
Cr*:YAG/YVO4 PQSRMLs with Ty = 90% Cr**:YAG for Toc = 2%, 6%,
11% and 16%. The pulse widths were recorded at their corresponding
available maximum pump power for different Tocs. Typical Raman
pulse profiles with a sharp rising edge and a smooth falling edge were
obtained. The pulse widths of 754 ps, 623 ps, 567 ps and 697 ps in full
width at half maximum (FWHM) were obtained for Toc = 2%, 6%, 11%
and 16%, respectively. The residual fundamental laser pulse widths
were around 0.9-1 ns for different Tocs. The pulse compression effect
induced by SRS process results in a dramatic pulse shortening for Raman
laser pulses compared with fundamental laser pulses. The pulse energies
were 8.5 pJ, 14.6 pJ, 18.9 pJ and 13.8 pJ, therefore, the corresponding
peak power were 11.2 kW, 23.3 kW, 33.2 kW and 19.8 kW for Toc = 2%,
6%, 11% and 16%, respectively. The results further confirm that
compact resonator configuration of Yb:YAG/Cr**:YAG/YVO, PQSRML
are favorable for achieving sub-nanosecond, high peak power Raman
laser. Typical Raman pulse trains of Yb:YAG/Cr**:YAG/YVO, PQSRMLs
with Toc = 2%, 6%, 11% and 16% at Py, = 3.9 W are shown in Fig. 5(e)-
(h). The repetition rates were measured to be 6.25 kHz, 5.56 kHz, 5.21
kHz and 6.33 kHz for Toc = 2%, 6%, 11% and 16%, respectively.
Although the Raman laser oscillates in multi-longitudinal mode, the
peak intensities fluctuation and pulse-to-pulse timing jitter are relatively
small. The amplitude fluctuation of Raman laser pulse trains is calcu-
lated to be 1.72%, 2.54%, 1.78% and 2.33% for Toc = 2%, 6%, 11% and
16%, respectively. The time jitters were calculated to be 3.16%, 0.97%,
0.71% and 2.17%, respectively. Therefore, stable Raman laser pulse
trains were achieved in the Yb:YAG/Cr*":YAG/YVO4 PQSRMLs with T,
=90% Cr*":YAG.
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Fig. 5. (a)-(d) Typical pulse profiles and (e)-(h) pulse trains of Raman laser in the Yb:YAG/Cr4+:YAG/YVO4 PQSRML for different Toc with To = 90% cr*:YAG.

3.2. Effects of Ty on laser performance of Yb:YAG/Cr*':YAG/YVO,
PQSRML

The effects of Ty on the performance of Yb:YAG/Cr**:YAG/YVO,
PQSRML were carried out, and the output coupler with Toc = 16% was
used. The typical lasing spectra of the Raman laser and fundamental
laser with the combination of Ty = 85% Cr**:YAG and Toc = 16% OC at
different Pj, are shown in Fig. 6(a)-(c). The measured longitudinal
modes separations for 1030 nm fundamental laser and 1134 nm Raman
laser are approximately 0.70 and 0.83 nm, respectively, as shown in
Fig. 6(a)—(c), which are about 14 times of the FSR of the Yb:YAG/Cr*:
YAG/YVO, PQSRML determined by Al = 12/2L¢ [26]. The broad sep-
arations between adjacent longitudinal modes are attributed to the
mode selection of combined etalon action introduced by 1.2 mm-thick
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Fig. 6. Evolution of the laser emitting spectra of the Yb:YAG/Cr**:YAG/YVO,
PQSRML with the combination of Ty = 85% Cr*":YAG and Toc = 16% OC at
different Pj,.

Yb:YAG, 0.8 mm-thick Cr**:YAG, 3 mm-thick YVO, and 2 mm-thick OC.
With further increase in Pj,, spectral intensity of several longitudinal
modes at short wavelength enhanced for both fundamental laser and
Raman laser. The “blue shift” of emitting laser wavelength may be due to
the asymmetric broad emission spectra of Yb:YAG crystal [28]. The
intensifying competition among different longitudinal modes and the
redistribution of the saturated inversion population under high pump
power also impacted the emission spectra [30].

The Raman laser average output power of Yb:YAG/Cr*":YAG/YVO,
PQSRML for Ty = 90% and 85% Cr**:YAG in the case of Toc = 16% is
shown in Fig. 7. The lasing threshold of Raman laser with Ty = 85%
Cr**:YAG was measured to be approximately 2.28 W, which was slightly
higher than that with Ty = 90% due to the increased intracavity loss
introduced by the lower To. For Ty = 85% Cr**:YAG, the output power
increases rapidly with Py, and the slope efficiency is 5.5%, which is
nearly 2 times of that for Ty = 90% Cr**:YAG. There is no saturation
tendency of Raman output power indicating that further scaling of
output power was possible with increase in the pump power (see Fig. 7).
The maximum Raman laser average output power reached 135 mW at
P;, = 5.25 W, and the corresponding optical-to-optical efficiency was
2.6%. Despite the output power and diode-to-Stokes laser efficiency
(135 mW, 2.6%) is slightly lower compared to the results (142.8 mW,
2.7%) obtained with the combination of Toc = 11% OC and Ty = 90%
Cr*T:YAG, the decrease in Ty of Cr*:YAG is expected to realize the
improvement of pulse performance.

The comparison of pulse performance on different Ty of Cr*":YAG
crystals with Toc = 16% is shown in Fig. 8. The superior pulse perfor-
mance (shorter pulse width, higher pulse energy and peak power) was
obtained with T = 85% Cr**:YAG due to a larger modulation depth. For
Ty = 90% Cr**:YAG, the pulse energy and peak power exhibits slight
independence on pump power at Py, exceeding 2.5 W. While the pulse
energy and peak power increases with Py, and no obvious saturation
tendency is observed for Ty = 85%. The increasing tendency is mainly
due to the incomplete bleaching under the available P;, introduced by a
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higher modulation depth of low T. The maximum pulse energy of 24.1
pJ with a pulse width of 535 ps at a repetition rate of 5.6 kHz was ob-
tained at Pj, = 5.25 W. The corresponding maximum peak power was
45.1 kW. The experimental results reveal that the combination of Toc =
16% and Ty = 85% Cr*":YAG exhibits better pulse performance as ex-
pected compared with the combination of Toc = 16% and Ty = 90%
Cr*T:YAG. Table 2 summarizes output laser characteristics of Stokes
laser with different Ty of Cr*":YAG at Py, = 5.25 W.

The narrowest pulse width of Raman laser was measured to be 505 ps
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while the fundamental laser pulse width was measured to be 920 ps at
P, = 2.28 W, as shown in Fig. 9. Therefore, the pulse width of Raman
laser was dramatically compressed compared to the residual funda-
mental laser.

4. Numerical simulation

The energy level diagram for a typical quasi-three-level Yb:YAG
crystal is shown in Fig. 1(b). The Yb®* ions have only two manifolds, the
upper state 2Fs,, and lower state 2Fy/,. The temperature-dependent
Boltzmann occupation factors can be used to describe the variation of
the emission and absorption cross-sections of Yb:YAG crystal with
temperature.

The modified coupled rate equations of passively Q-switched Raman
micro-laser under CW LD pumping are established to describe the
interaction of fundamental laser and Raman laser. By adding the SRS

term and considering the quasi-three-level structure of Yb®" ions, the
rate equations are given as follows [31-38]:
doy Loy 0 !l lereqy
o gl (fn"eNZ 7f136ubsN1) ) (GL’SNIZS + GHN“)
c c (1)
_28grhviclkoior 9 + kuIINZ
t T
dor _2¢ @
d—R ==r (8gﬁ'hVLC(ﬂLlR — POgNysler — ﬁaeNe\'lCr) -4 kspg,, 2
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Table 2
Output characteristics of the Yb:-YAG/Cr*:YAG/YVO4 PQSRML for different T.
To, % Ps, mW R.R, kHz Eg, pJ Ppeals kKW ts, PS
85 135 5.6 24.1 45.1 535
90 118.8 8.62 13.8 19.8 697
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Fig. 8. (a) Repetition rate (R.R), (b) pulse width (ts), (c) pulse energy (Es) and (d) peak power (Ppeai) for the Stokes laser of Yb:YAG/Cr**:YAG/YVO, PQSRML for T

= 85% and 90% Cr*":YAG with Toc = 16% OC versus Pip.
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Fig. 9. Typical pulse profile of Raman laser and residual fundamental laser at P, = 2.28 W.
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where ¢; and ¢g are the fundamental laser and Raman laser photon
densities in the laser cavity, N; and Ny are the lower (2F7/2) and upper
(2F5/2) laser level population densities of the gain medium, Ng; and Ny
are population densities at the ground state and excited-state of the Cr**:
YAG crystal, respectively, N = N1 + Np and Nyg = Ngs + N are the
total population densities of the laser gain medium and saturable
absorber, respectively, o. is spectroscopic emission cross-section (ol =
£l ol ~ 2.3 x 107% cm™2 at room temperature is usually defined as
effective emission cross-section) [39], Uibs is the absorption cross-section
at the fundamental laser wavelength of gain medium, 64 and o, are the
absorption cross-sections of ground state and excited state of the Cr*':
YAG at the fundamental laser wavelength, respectively, 7z is the
upper-level fluorescence lifetime of the laser gain medium, z; is the
excited-state lifetime of the Cr*":YAG, lg, lcr and Ir are the geometry
lengths of laser gain medium, SA and Raman medium, [ is the optical
length of cavity, t. = 21./c is the cavity round-trip time, c is the velocity
of light in vacuum, 7, = t/(51-InRp and g = t;/(5g-InRs) are the cavity
lifetimes of fundamental laser and Raman laser photons, respectively, &
and &g are intracavity optical losses of fundamental laser and Raman
laser, R; and Rg are the reflectivity of the OCs for the fundamental laser
and Raman laser, respectively, k is the efficiency for the spontaneous
photons contributing into the lasing mode, h is the Planck constant, vy, is
the fundamental laser frequency, f is the ratio of absorption
cross-sections of saturable absorber at fundamental laser and Raman
laser wavelengths, K, is the spontaneous Raman scattering factor, and
W, is the pump rate, which can be expressed as follows:

W, =P {1 = exp[ = 0, (f, N~ FaN2] } /(o 5)
where w, is the average pump beam radius, o, | is the absorption cross-
section at pump wavelength of laser gain medium and v, is the frequency
of the pump wavelength.

For quasi-three-level Yb3*:YAG lasers, the re-absorption in the lower
level has significant effect on the pulse performance and is described by

the term “fl; 6!, N1gy”. The thermal population distribution at termi-
nated laser levels is strongly affected by the local temperature inside
Yb3*:YAG crystal. The theoretical estimation of the local temperature
rising inside the Yb:YAG crystal ranged from 327 to 363 K for Py, varying
from 2.25 W to 5.25 W by applying the theoretical formula in Ref. [40].
The last term of Eq. (1) describes the spontaneous radiation contribution
of cavity modes and the coefficient k can be assumed as a relatively small
value.

For intracavity Raman lasers, the actual effective Raman gain g of
Raman crystals is lower than the ideal Raman gain coefficient consid-
ering the imperfect overlap in spatial and spectral profiles between
fundamental laser and Raman laser modes [41,42]. Moreover, the
spectral broadening of the fundamental laser modes induced by intra-
cavity SRS process can further decrease effective Raman gain. Thus, the
effective Raman gain g in the simulation modeling was estimated as
2.8 cm/GW, which indicated that a “Raman gain reduction factor” [42]
value of approximately 0.62 with respect to the ideal Raman gain value
of 4.5 cm/GW.

In order to analysis the relationship between the pulse characteristics
with the transmissions of OCs theoretically and obtain the optimal
transmission of OCs, the rate equations were solved numerically by the
Runge-Kutta method. Parameters used for numerical simulation in the
rate equations are listed in Table 3.

Two Cr**:YAG saturable absorbers with different Tos (To = 90%, 0.5
mm-thick and Typ = 85%, 0.8 mm-thick) were used in the numerical
simulation. Fig. 10 shows the dependence of Raman pulse energy and
pulse width on Tocs with two different Tps. In the calculating process
with Ty = 85% Cr*":YAG, an extra added OC transmission of Toc = 18%
(assuming the transmission of 20% for the Raman laser) was calculated
to show completely a whole variation tendency of Raman pulse per-
formance with further increase of Toc. For the case of Ty = 90% Cr**:
YAG, §;and g are assumed as 0.12 and 0.06, respectively. For the case of
To = 85% Cr**:YAG, & and 5y are assumed as 0.16 and 0.10, respec-
tively. As indicated in Fig. 10(a), the optimum OC transmission (Toc-opt)
in terms of maximizing the Raman pulse energy increases with the
decrease of Toy. The Toc.op: is close to 16% for Ty = 85% Cr4+:YAG, and
11% for Ty = 90% Cr**:YAG. For a constant Ty, the pulse width is
initially shortened steeply with the increase of Toc and then tends to
change slowly with further increase of Toc. The model indicates that a
lower initial transmission of Cr**:YAG is desirable for scaling the Raman
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Table 3
Spectroscopic and cavity parameters used for simulation modeling.
Param. Value Ref. Param. Value Ref. Param. Value Ref.
o 3.3 x 10*° em® [39] s 0.76 x 107*° em® [39] Oes 8.2 x 107" em® [35,43]
e 0.1 x 107*° cm® [44] Ogs 4.6 x 107 cm® [35,43] N, 13.8 x 10* em™® [45]
T 951 ps [39] p 0.38 [46] p 90 pm
7 3.4 s [35,43] Ky 2x10710571 [36] wr 82 pm
32 0.8
€) (b) ——T, = 90%
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Fig. 10. (a) Pulse energy and (b) pulse width from Yb:YAG/Cr**:YAG/YVO, PQSRML as a function of Toc with Tp = 85% and 90% Cr**:YAG at P;, = 3.9 W. The
symbols represent the simulation values according to Egs. (1)-(4). The solid curves are used to illustrate the variation tendency fitting to the simulation data.

pulse energy and shortening the pulse width when the Tq is set con-
stant. Based on the numerical simulation model, it indicates that the
utilization of Toc = 11% and Toc = 16% is close to optimum for the
present micro-laser with Ty = 90% Cr**:YAG and Ty = 85% Cr**:YAG,
respectively.

According to the general passively Q-switched laser model [32-35],
the pulse energy and peak power are determined by the T, of Cr**:YAG
and Toc. For the present sandwich-type micro-laser configuration, it is
reasonable to decrease T for facilitating better pulse performance.
Despite high intracavity fundamental laser intensity is more favorable
for Raman conversion, the choice of Toc is limited by the re-absorption
of Yb>* ions and the coating damage threshold of optical elements. In
the experiment, coating damage on the surfaces of YVOy crystals, Cr**:
YAG crystals and OCs occurred by the excessive intracavity intensity
with the Toc less than 10% when Ty < 85% Cr*:YAG crystal were used
under high pump power levels. Consequently, an optimum combination
of Tp = 85% Cr*":YAG and Toc = 16% OC was selected to enhance the
Raman pulse performance by providing a large modulation depth and
simultaneously avoiding unwanted coating damage.

A comparative study between the numerical simulation results and
experimental results was performed at P;;, = 3.9 W according to Egs. (1)—
(4). The dependence of Raman pulse characteristics on Toc is shown in
Fig. 11. The pulse energy increases with the increase of Toc until the Toc
approximately equals 11% and then decrease with further increase of
Toc. The FWHM pulse width of Stokes laser decreases sharply with Toc
increase from 2% to 6%, and then tend to reduce slightly with contin-
uous increase of Toc. The broadening of pulse width at Toc = 16%
indicating a sudden deviation between the experimental result and its
variation tendency curve may be due to the more thermal loading

caused by less efficient SRS conversion process. And therefore the initial
transmission of Cr**:YAG crystal may slightly increase with the tem-
perature rising, which also leads to a slight increase of repetition rate as
shown in Fig. 4(a). The variation of peak power and average output
power versus Toc shows an analogous tendency with pulse energy. The
optimal T for the best performance of peak power and average output
power is close to Toc = 11%. The variation tendency of theory results is
in fairly good agreement with that of experimental ones.

The deviations between numerical simulation values and experi-
mental values are mainly attributed to the thermal effects. The above
numerical model is a plane-wave approximation; therefore both the
photon density and the inversion density distribution are assumed to be
uniform, which is also result in the difference between the numerical
simulation values and experimental values. Based on the numerical
simulation model, it indicates that the utilization of Toc = 11% is close
to optimum for the present micro-laser with Tg = 90% Cr**:YAG. For the
design goal of passively Q-switched Raman lasers, the high peak power
of Raman laser is significant. In general, the above theoretical numerical
model can provide theoretical guidance for further optimization of LD
pumped PQSRML.

5. Discussion

Table 4 summarizes output laser characteristics of this work and
some analogous typical miniature passively Q-switched Raman lasers
emitting around 1.1 pm. Compared with the previous works based on
Yb3* ions doped laser gain medium, the results obtained in this work
with the combination of Ty = 85% Cr**:YAG and Toc = 16% OC are
superior in terms of Raman pulse width (505 ps, Pj, = 2.28 W) and peak
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Fig. 11. Raman laser characteristics such as (a) pulse energy, (b) pulse width, (c) peak power and (d) average output power from Yb:YAG/! Cr4+:YAG/YVO4 PQSRML
as a function of Toc at Py, = 3.9 W with Ty = 90% Cr**:YAG. The solid and open symbols represent the experimental and numerical simulation values, respectively.
The solid and dashed curves are used to illustrate the variation tendency of the Raman laser performance fitting to the experimental and simulation data, respectively.

Table 4
Summary of output parameters of Cr*":YAG passively Q-switched miniature
Raman lasers”.

Crystal As, NmM Ps, Es, Ppeak, ts, NS Ref.
mwW [18) kw

Yb:YAG/ 1134 135 24.1 45.1 0.505  This
YVO, work

Yb:YAG/ 1079-1260 82 4.04 9.2 0.44 [20]
YVO,

Yb:KLuW 1151 119 3 1.5 2 [18]

Yb:KLuW 1139.3 1150 51 22.2 2.3 [17]

Yb:KGW 1145 110 8.2 11 0.7 [14]

Yb:KGW 1139 7 0.4 0.02 20 [13]

Nd:GdVO4/ 1164.4, 104 0.83 1 0.825  [8]
YVO, 1174.7

Nd:LSB/Ba 1196 ~40 1.67 12.2 0.137  [47]
(NO3)2

Nd:LSB/Ba 1196 ~90 1.2 5.7 0.118 [371
(NO3)2

b Js —Stokes laser emission wavelength, Es — maximum pulse energy of Stokes
laser, Ppeax — maximum peak power of Stokes laser, ts — shortest pulse width of
Stokes laser.

power (45.1 kW, P;, = 5.25 W). Remarkable shortening of the Raman
pulse width is mainly attributed to the micro-laser setup of significantly
reduced cavity length. The utilization of discrete laser gain medium and
Raman medium configuration can provide good thermal management to
avoid severe thermal loading, which is favorable for high peak power
Raman laser generation.

The peak power of 45.1 kW obtained in this work is the highest value
for stable Raman laser from the Cr*":YAG PQSRMLs under CW LD
pumping condition to the best of our knowledge. A. A. Demidovich et al.
has achieved 48 ps of Raman laser pulse width and corresponding 48 kW
of Raman laser peak power at 1196 nm with Ty = 78% Cr*":YAG from

Nd:LSB/Cr**:YAG/Ba(NOs); PQSRML, unfortunate coating damage of
crystals occurred under high peak power levels [47]. Therefore, the laser
was unable to keep stable operation. While the Yb:YAG crystal has
merits of long fluorescence lifetime (951 ps), low thermal loading (91%
of quantum efficiency when pumped at 940 nm) and the capability of
high concentration doping without remarkable reduction of laser per-
formance. Therefore, the Yb:YAG crystal is more suitable as laser gain
media for Cr**:YAG PQSRMLs and can keep stable operation at high
peak power levels compared with the Nd:YAG crystal.

The output Raman laser beam profiles were monitored and measured
at different absorbed pump powers. Although degradation of the beam
quality introduced by thermal effects is inevitable, the Raman spatial
beam profiles are nearly TEMgo mode and the beam quality factor M? is
less than 1.3 during the whole pumping region. Therefore, the thermal
effect is not strong enough to affect the beam quality due to the property
of Yb:YAG crystal and the low pump power level in the experiment. The
aperture guiding effect has been demonstrated to benefit for the for-
mation of cavity modes with good beam quality in end-pumped Yb:YAG
lasers [48]. Moreover, in intracavity Raman lasers, the Raman beam
clean-up effect also alleviates the beam degradation, which makes the
Stokes laser beam tends to operate with better beam quality than the
fundamental laser [27]. The utilization of discrete laser gain medium
and Raman medium also provides good thermal management to avoid
severe thermal loading. The polarization states of the Raman laser at
different absorbed pump powers were checked by passaging the Raman
laser through a linear polarizer. The elliptical polarization with different
ellipticities was observed for Raman laser obtained in the Yb:YAG/Cr**:
YAG/YVO, PQSRML.

Note that the present output couplers are common commercial
products for 1 pm and the coating parameters are not specially designed
for Raman laser wavelength. Moreover, the high-reflection coating of
the rear surface of Yb:YAG crystal was originally designed for the
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operation of 1.03 pm fundamental laser, and cannot cover entire
1030-1200 nm region leading to part of backward-propagating Raman
laser leaked. Further promotion of Raman laser performance could be
achieved by optimizing the coating parameters. For example, the HR
region of the rear surface of Yb:YAG crystal should be extended to cover
the Raman laser oscillation wavelength.

6. Conclusions

In conclusion, a sub-nanosecond, high peak power Yb:YAG/Cr#*:
YAG/YVO4 PQSRML operating at 1134 nm Raman laser has been
demonstrated. The maximum average output power of Raman laser was
142.8 mW with the combination of Toc = 11% and Ty = 90% cr*tYAG.
Enhanced Raman laser pulse performance of 24.1 pJ pulse energy and
45.1 kW peak power with a corresponding pulse width of 535 ps at a
repetition rate of 5.6 kHz has been achieved by using a combination of
Toc = 16% and Ty = 85% Cr**:YAG at P;, = 5.25 W. The shortest Raman
pulse width of 505 ps was achieved at Pj, = 2.56 W. The sandwich-type
Yb:YAG/Cr**:YAG/YVO,; PQSRML is an convenient and low-cost
configuration for generating short pulses in several hundred-
picosecond and pulse energy in several tens of micro-joule. The Yb:
YAG/Cr*":YAG/YVO, PQSRML shows remarkable stability of the pulse
trains. The sub-nanosecond, high peak power Yb:YAG/Cr*":YAG/YVO,
PQSRML with commercial BK7 plane OCs provides a new method for
developing miniature, low-cost Raman laser sources.
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