High-peak-power diode-pumped actively Q-switched Nd:YAG
intracavity Raman laser with an undoped YVO, crystal
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ABSTRACT

The efficient stimulated Raman scattering conversion in a diode-pumped actively Q-switched Nd:YAG laser was
achieved with an undoped YVO, crystal as a Raman shifter. With an incident pump power of 16.2 W, 1176-nm first
Stokes average output power of 2.97 W was generated at a pulse repetition rate of 50 kHz. The maximum pulse energy
is higher than 83 pJ at both 20 kHz and 30 kHz. With mode-locked modulation, the effective pulse width far above

threshold is usually below 5 ns. With an incident pump power of 7.62 W, the peak-power of 43.5 kW was demonstrated
at 20 kHz.
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1. Introduction

Neodymium-doped yttrium aluminum garnet and yttrium vanadate (Nd:YAG and Nd:YVOQ,) are the most widely
used materials of solid-state laser gain medium!"*. The Nd:YVOj, crystal has a strong broadband absorption and an
effective stimulated emission cross section which is five times larger than Nd:YAG !, These properties imply that a
Nd:YVOq laser usually has the higher efficiency and broader operating temperature than a Nd:YAG laser. In the field
of Raman laser, the availability of self-Raman process also made the study of diode-pumped passively Q-switched (PQS)
and actively Q-switched (AQS) Nd:YVO, Raman lasers attractive B34 However, the Nd:YAG crystal has other
advantages such as better thermal property and much longer fluorescence life time. Especially the long life time can
raise the output pulse energy of a fundamental AQS laser, and should be able to raise the output pulse energy of a AQS
Raman laser at the Stokes wavelength. This means that the conversion efficiency of the intracavity stimulated Raman

scattering (SRS) might be increased in an AQS Nd:YAG solid-state laser.

With the development of the crystals as Raman shifters, intracavity Raman lasers are realized as an efficient and
practical scheme for extending lasing spectrum (258 Ba(NOs), [9], LilO; “O], KGd(WO4)2[“], PbWO4[12], and BaWO,
13-7 are well known materials for SRS. Further more, YVO, and GdVO, were found to be the efficient x(3 )_materials
for Raman laser *"". Recently, we have exhibited the AQS Nd:YVO,4 Raman laser with an undoped YVOQj, crystal which
was demonstrated as a potential Raman shifter 21 However, Q-switched Nd:YAG intracavity Raman lasers based on
YVO;, crystals have not been reported to our knowledge.

In this letter, we report the high-pulse-energy and high-peak-power intracavity YVO, SRS generation in a compact
diode-pumped AQS Nd:YAG laser. At an incident pump power of 16.2 W, 1176-nm first Stokes average output power
of 2.97 W is efficiently generated at a pulse repetition frequency (PRF) of 50 kHz. The maximum output pulse energy
is higher than 83 pJ. Then, the overall conversion efficiency were up to 21.3-18.3%. The output pulses display a
mode-locking phenomenon that leads the narrow effective pulse width and the maximum peak power to be 43.5 kW.
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Fig. 1. Scheme of a diode-pumped actively Q-switched Nd:YAG/Y VO, Raman laser.

2. Experimental setup

Figure 1 depicts the experimental configuration for the diode-pumped AQS Nd:YAG/YVO, Raman laser. The
cavity mirrors which have special dichroic coating for efficient conversion at the first Stokes component form a
plano-concave configuration. The input mirror is a 500-mm radius-of-curvature concave mirror with antireflection
coating at 808 nm on the entrance face (R<0.2%), high-reflection coating at 1050-1200 nm (R>99.8%) and
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high-transmission coating at 808 nm on the other surface (T>90%). The output coupler is a flat mirror with
high-reflection coating at 1064 nm (R>99.8%) and partial-reflection coating at 1176 nm (R=51%). Note that the output
coupler reflectivity is not optimized and it is limited in availability.

The pump source was an 808-nm fiber-coupled laser diode with a core diameter of 800 um, a numerical aperture of
0.16 and a maximum output power of 25 W. A focusing lens system with a 85% coupling efficiency was used to
re-image the pump beam into the laser crystal. The waist radius of the pump beam was approximately 400 um. The
laser medium was a 0.8-at.% Nd’":YAG crystal with a length of 10 mm. Both sides of this laser crystal were coated for
antireflection (AR) at 1.06 um (R<0.2%). The Raman crystal was an a-cut undoped YVOy, crystal with a length of 9.6
mm. These two crystals were both wrapped with indium foil and mounted in water-cooled copper blocks individually.

The water temperature was maintained at 20 °C.  The 30-mm-long acousto-optic Q-switch (NEOS Technologies) had
antireflection coatings at 1064 nm on both faces and was driven at a 27.12 MHz center frequency with 15 W of RF
power. The overall laser cavity length was around 9 cm and depended on pumping power.

3. Experimental results and discussion

The AQS Nd:YAG laser performance at 1064 nm was firstly studied for evaluating the conversion efficiency of the
intracavity SRS. For this investigation, an output coupler with partial reflection at 1064 nm was used instead of the
above-mentioned Raman cavity output coupler. The optimum reflectivity of the output coupler was found to be
approximately 80%. Figure 2 shows the average output power at the fundamental wavelength of 1064 nm with respect
to the incident pump power at different pulse repetition rate from 20 kHz to 50 kHz. The threshold for 1064-nm
oscillation was below 2.5 W and insensitive to the PRF. With an incident pump power of 8.63, 13.3, and 16.2 W, the
average output powers at 1064 nm were 2.6-2.9, 4.7-5.0, and 5.8-6.3 W for PRFs in the range of 20-50 kHz.

Average output power at 1064 nm (W)

Input power at 808 nm (W)

Fig. 2. The average output power at the fundamental
wavelength of 1064 nm with respect to the incident pump
power at different pulse repetition rate from 20 kHz to 50 kHz.

Besides, the partially polarized laser beam with a polarization ratio of 3:1 should be excited by the acousto-optic
Q-switch and nonlinear Raman crystal. However, when the intracavity Raman laser was used, the relatively random
polarization compared to Nd:YVO4,/YVO, Raman laser may benefit the robustness of the Raman crystal. Therefore,
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our experimental results revealed that the same Raman crystals can sustain higher peak power per unit area in Nd:YAG
laser.

The experimental result for optical spectrum of the Raman laser was monitored by an optical spectrum analyzer
(Advantest Q8381A, including a diffraction grating monochromator) with a resolution of 0.1 nm. The Raman
scattering spectrum of an YVO, crystal is showed in Fig. 3. The first Stokes wavelength of 1176 nm was converted
from the fundamental wavelength at 1064 nm by Raman shift at 890 cm™ came from the YVO, crystal ®*'..  There is
no second Stokes wavelength observed for all pumping power.

YVO, crystal
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Fig. 3 (a). The Raman scattering spectrum of an YVO,
crystal, which is almost the same as it of Nd:Y VO, crystal.
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Fig. 3 (b). Optical spectrum of the actively Q-switched
Raman output. The fundamental and Raman component
are at 1064.5 nm and 1175.9 nm.
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Figure 4 illustrates the average output power and output pulse energy at 1176 nm with respect to the incident pump
power for PRF of 20, 30, and 50 kHz. Reducing the PRF leads to a lower threshold for stimulated Raman output, but it
leads to a smaller maximum output power due to the increasing thermal loading of the end-pumped Q-switched
Nd-doped laser*?!.  Moreover, the self-focusing-induced damage on YVOy, crystal usually occurred especially at low
PRF while the pump power is been over driving. Nevertheless, the efficient average output powers at 1176 nm were
separately 1.62, 2.49, and 2.97 W at PRFs of 20, 30, and 50 kHz with the incident pump power of 7.62, 13.3, and 16.2 W.
As a consequence, the maximum SRS conversion efficiency of 62-47% with respect to the output power available from
the fundamental laser of 1064 nm was demonstrated at the PRF of 20-50 kHz. Then, the maximum optical-to-optical
conversion efficiency from 808-nm pump were as high as 21.3-18.3% at the PRF of 20-50 kHz. The overall conversion
efficiency is the highest one for Raman lasers until now to our knowledge™. The efficiency could be improved if we
can use a c-cut YVOy crystal ! with properly antireflection coating and an optimized output coupler. The maximum
pulse energies, E ., at PRFs of 20, 30 and 50 kHz were 84.5, 83.1 and 59.4 pJ. The E,,x were higher than 83 uJ at
PRFs below 30 kHz. Therefore, the E. of this Nd:YAG/YVO, Raman laser was almost two times the E.., of the
Nd:YVO4/YVO,4 Raman laser in almost the same AQS scheme (21,
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Fig. 4. The average output power at the Stokes wavelength
of 1176 nm with respect to the incident pump power at
different nulse renetition rate from 20 kHz to 50 kHz.

The temporal behaviors were recorded by a LeCroy digital oscilloscope (Wavepro 7100, 10 GS/s, 1-GHz bandwidth)
with two fast p-i-n photodiode and an interference filter allowing transmission only at 1064 nm. Figure 5 and 6 show
the typical pulse train and pulse shape for the fundamental and Raman components. The pulse-to-pulse amplitude

fluctuation was not more than *10% in optimized cavity. With the pulse energy of 81.2 pJ at 1176 nm, the pulse width
of the pulse envelop in Fig. 6. is 2.2 ns. Because the mode-locked phenomenon cause the Raman pulse a deeply
modulated shape, the peak power can not be approximated as the pulse energy divided by envelope’s pulse width.  After
numerical computing, the peak power of the Raman pulse in Fig. 6. is 43.5 kW corresponding to an effective pulse width,
Wesr, of 1.87 ns.  Here we defined the W as the pulse energy divided by peak power*!).  Consequently, the Weg for
Raman pulses far above threshold are distributed among 3.6-1.8, 5.0-3.5, and 5.0-3.0 ns at the PRFs of 20, 30, and 50
kHz. For example, Fig. 7. depicts the typical evolvement of pulse shapes dependent on pump power at 50 kHz. With
a pump power of 8.63 W which was near threshold of SRS, broad envelope and deep mode-locked modulation was
observed with a W of 5.17 ns showed in Fig. 7 (a). While pump power was increased to 12.3 W, the W was
narrowed to 3.07 ns showed in Fig. 7 (b). Then, W was become broader due to growing pulse tail. With a pump
power of 14.8 W, the pulse was observed with a Wy of 3.33 ns showed in Fig. 7 (c). Comparing to results of the
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Nd:YVO,/YVO, Raman laser in almost the same AQS scheme, this Nd:YAG/YVO,4 Raman laser raised maximum ouput
pulse energy and peak power from 43 pJ to 83 pJ and 14 kW to 43.5 kW 2!,
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Fig. 5. Typical oscilloscope trace of a train for fundamental and Raman pulses.
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Fig. 6. Oscilloscope trace with mode-locking effect for fundamental and Raman
pulses at a pulse repetition rate of 20 kHz.
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Fig. 7. With input power of 8.6 W, 12.3 W, and 14.8 W at a pulse repetition rate of 50
kHz, the effective pulse width (pulse energy divided by real peak power) of (a), (b),
and (c) is 5.17 ns, 3.07 ns, and 3.33 ns. The vertical scales are in alternative units.

4. Conclusions

In summary, an efficient diode-pumped actively Q-switched Nd:YAG/YVOy intracavity Raman laser has been
demonstrated. 1176-nm average output power of 2.97 W has been generated at a pulse repetition rate of 50 kHz.
Further, the maximum optical-to-optical conversion efficiency from 808-nm pump were as high as 21.3-18.3% at the

PRF of 20-50 kHz. The maximum pulse energy was higher than 83 puJ at both 20 kHz and 30 kHz. The output pulses
displayed a mode-locking phenomenon that leads to narrow effective pulse width compared with envelope’s pulse width.
With an incident pump power of 7.62 W, the peak-power of 43.5 kW was demonstrated at 20 kHz.
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