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ABSTRACT

Stimulated Raman scattering (SRS) has been regarded as an efficient and practical method
of generating solid-state laser sources at new wavelengths. In our experiments, it is found that
the thermal lensing effects are critical issues exacerbating the laser performance of
diode-end-pumped solid-state intracavity Raman laser. The thesis is divided into two parts. The
purpose of the first part is to improve the thermal effect and demonstrate high-efficiency
intracavity nonlinear wavelength conversion. First the comparison of thermal lensing effects
between conventional, single-end composite, and double-end composite Nd:YVO, crystals is
investigated by measuring the effective focal lengths of thermal lens. The experimental results
confirm that using a composite Nd:YVQ, crystal with double 2.1-mm-long ends can efficiently
improve the thermal lensing effect for 1342-nm transition. Then we design a original double-end
composite Nd:YVOQO, crystal and first employ a composite crystal as a self-Raman medium to
improve the laser performance of Q-switched eye-safe Raman laser. A high-efficiency
Q-switched yellow-green Raman laser with self-Raman frequency conversion in the double-end
composite Nd:YVO, crystal and intracavity sum-frequency generation in BBO crystal is also
demonstrated. Moreover we use a new design of Q-switched Nd:YVO, Raman laser with an
intracavity vanadate as a Raman crystal to improve the laser performance of 1176-nm
self-Raman laser with a conventional Nd:YVQO, crystal.

In addition, KTP and KTA crystals with low value of Stokes shifts permit generation of
multi-frequency radiation with cascade SRS. The “cross” and “ring” far-field wave patterns of
SRS and conical second harmonic generation (SHG) are observed in a cascade Raman laser
respectively. The second part of this thesis is intended as an investigation of pattern formation in



a laser with nonlinear wavelength conversion. By using a nonlinear crystal with extended
defects, the conical SHG is efficiently generated from a Q-switched laser with intracavity SHG.
The near-field patterns of conical SHG can be used to explore the spatial structure of disordered

wave functions. It is interesting that chaotic wave can be connected with Bessel beam by the

wave functions.
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CH]1 Introduction

1.1 Motivation

Solid-state laser has been applied widely in medical treatment, biomedicine,
remote-sensing, range-finder, industry, and defence. However, the spectra of
solid-state lasers are confined to specific wavelengths due to the specific
photoluminescence of laser gain medium. The rapid discovery of new Raman media
has made Stimulated Raman scattering (SRS) regarded as an efficient and practical
method of generating solid-state laser sources at new wavelengths [1-8]. Moreover,
combining SRS and second harmonic generation (SHG) / sum frequency generation
(SFG) can extend the output wavelengths to ultraviolet and visible spectral region

with a number of useful applications.

Nd:YVO4 and Nd:GdVOq crystals have been identified as useful materials for
diode-pumped solid-state lasers. In 2001, Kaminskii et al. predicted that the tetragonal
YVO, and GdVOy crystals with new % nonlinear potential could serve as efficient
Raman converters [9]. In 2004, the first demonstrations of actively Q-switched and
passively Q-switched diode-pumped Nd:YVO,4 and Nd:GdVOy, self-Raman laser were
made by Chen [10-13]. However, the thermal effect has been regarded as a critical
issue exacerbating the solid-state Raman laser performance including laser stability,
critical pump power, output power, and conversion efficiency. An efficient intracavity
nonlinear wavelength conversion could be accomplished by overcoming the thermal
effect, particularly for a diode-end-pumped solid-state self-Raman laser. The first

emphasis of the thesis is placed on improvement of thermal effect in Nd-doped
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intracavity Raman lasers with vanadates as Raman media.

The second emphasis of the thesis is placed on investigation of pattern formation.
In our experiments, it is found that pattern formation can be observed in a laser with
nonlinear wavelength conversion. By using a nonlinear crystal of KTP or KTA in a
Q-switched laser, we observe interesting transverse wave patterns of SRS and conical
SHG. However, the pattern formation of SRS has not been reported to date. In 2006,
Chen et al. experimentally demonstrated that the near-field wave patterns of conical
SHG of a laser in random domain structures can be used to explore the spatial
structure of two-dimensional disordered wave functions with weak localization [14].
It was also verified that using conical SHG can serve as a diagnostic tool for
topographical characterization of crystals [14]. We also use a frequency-doubled laser
to study the pattern formation of conical SHG at the beginning. In addition to the
chaotic wave pattern, we observe quasi-Bessel beam and symmetry-breaking Bessel
beam patterns. More interestingly, we find a mathematical function which can connect
Bessel beam with chaotic wave. Further investigations of pattern formation of Raman

emission will be carried out.
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1.2 Overview of the Thesis

After introducing the motivation, the thesis starts with a review of the basic
concepts of solid-state Raman lasers including Raman scattering principle, Raman
media, solid-state intracavity Raman laser configuration, modeling investigation of
Q-switched intracavity Raman laser, and spectral coverage of solid-state Raman laser

in the Chapter 2.

In recent years, employing a composite crystal with nonabsorbing undoped end
has been regarded as a promising method for reducing thermal lensing effect. In the
Chapter 3, we introduce thermal lensing effect and first study the comparison of
thermal lensing effects between conventional, single-end composite, and double-end
composite Nd:YVOy, crystals for 1064- and 1342-nm transitions by measuring the
effective focal lengths of thermal lens. The efficient improvement of thermal lensing
effect in a composite Nd:YVOy, crystal with double 2.1-mm-long ends for 1342-nm

transition is confirmed.

The improvement of thermal effects in gain medium is critically important for
developing self-Raman solid-state lasers because the Raman gain coefficient
decreases substantially with increasing temperature above room temperature. In the
Chapter 4, we design a original double-end composite Nd:YVO;, crystal and first use
composite crystal as a self-Raman medium to demonstrate a compact efficient
actively Q-switched eye-safe laser at 1525 nm. Moreover, an efficient Q-switched

dual-wavelength laser at 1176 and 559 nm with self-Raman frequency conversion in
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the double-end composite Nd:YVO; crystal and intracavity sum-frequency generation

in BBO is demonstrated.

However, the optimization of self-Raman laser is restricted because the laser gain
medium simultaneously serves as a Raman medium. In the Chapter 5, we first use a
new design of actively Q-switched 1176-nm Nd:YVOy laser with an intracavity YVOq
crystal as a Raman medium for improving the laser performance of 1176-nm
self-Raman laser with a conventional Nd:YVO,. In next section, by using a similar
laser cavity with another laser gain medium Nd:YAG with better thermal property and
longer fluorescence lifetime, the laser performance is further improved. The
comparison of 1176-nm Raman laser performance between Nd:YVO, self-Raman
laser, Nd:YVO4YVO; Raman laser, and Nd:YAG/YVO,; Raman laser with

conventional crystal is discussed.

In the Chapter 6, KTP and KTA crystals with low Raman shifts at 270 and 235
cm’ are employed to product multi-frequency radiation with cascade SRS,
respectively. In addition, we observe interesting transverse wave patterns of SRS and

conical SHG in cascade Raman lasers with intracavity SHG.

Although the conversion efficiency of noncollinear conical SHG is substantially
lower than collinear axial SHG, there are interesting research topics about
noncollinear conical SHG. The Chapter 7 starts with introducing the generation of
conical SHG. In the next section, we show the interesting near- and far-field patterns
of conical SHG in a frequency-doubled Nd:YVO, self-Raman laser with intracavity

SHG in a KTP crystal. Moreover, we use a GdCOB crystal with extended defects in a
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Q-switched Nd:YAG laser to efficiently generate conical SHG. The near-field wave
patterns include chaotic wave, quasi-Bessel beam, and symmetry-breaking Bessel
beam patterns. The transverse disordered wave patterns are associated with a
superposition of a number of monochromatic plane waves with different directions
and phases. Furthermore, the near- and far-field patterns of frequency-doubled
Q-switched Nd:YAG laser with intracavity BBO as SHG crystal are shown. Finally,

the proceeding work and future work are discussed in the Chapter 8.
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2.1 Raman Scattering

Spontaneous Raman scattering effect was first discovered by C. V. Raman in
1928 [1]. As illustrated in Fig. 2-1, an incident light illuminated a medium sample
which can be a solid, liquid, or gas, and the scattered light is observed
spectroscopically. A difference in frequency between incident and scattered
monochromatic light was observed and it is dependent of the properties of molecular,
not incident light. Raman and Krishnan had observed scattered light with smaller
frequency in sixty kinds of liquids and vapors [2]. They confirm that the scattered
light is a secondary form of scattering, not fluorescent, due to its relatively high

intensity and polarization.

Raman scattering is a x ', nonlinear inelastic light scattering process in which an
incident photon interacts with a molecule of Raman medium. An incident photon is
absorbed by a molecule of Raman medium and then emits a photon called Stokes
photon with a lower energy as shown in Fig. 2-1(a). The Stokes shift leaves Raman
medium in excited state. If the material is already in an excited state, then the
scattered photon can be higher in energy called anti-Stokes photon as shown in Fig.
2-1(b). The anti-Stokes shift leaves Raman medium in ground state. The energy and

momentum conversion are applied:

hog =ho, ho, (2-1)
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ks =k, kg (2-2)

in which 7, w, and k are the Planck’s constant, angular frequency, and wavevector, and
the subscripts S, p, R refer to the scattered photon, incident pump photon, and the
phonon created or annihilated in the scattering process, respectively. The energy
difference (%iwg) between the incident photon and the scattered photon matches the
rotation/vibration energy of a molecule in gas or liquid, or the phonon energy of a
solid Raman medium. The wavelength of Stokes component is shifted to a longer
wavelength than incident wavelength. One the other hand, the wavelength of

anti-Stokes component is shifted to a shorter wavelength.

(a) oy = w, — w,=> Stokes shift (b)) w; =, + ®, = anti-Stokes shift

WOy =0, — Wy W5 =0, + 0,

Fig. 2-1. Spontaneous Raman scattering with (a) Stokes photon generation (wg < w,) and (b)

anti-Stokes photon generation (ws > ®,)

The number of anti-Stokes photon is typically much smaller than the Stokes
photon resulted from the smaller population of the excited state compared to ground

state in the thermal equilibrium by the Boltzmann factor exp(-(hw/kgT)), where kg is
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the Boltzmann constant and 7 is the temperature.

Stimulated Raman scattering (SRS) occurs when the intensity of the incident light
is increased and then the scattered Raman field is enhanced. SRS was discovered by
Woodbury and Ng in 1962 [3]. A near-infrared component at 766 nm was detected in
the laser output of 694-nm Q-switched ruby laser with a nitrobenzene Kerr cell. The
frequency shift coincides with the vibration frequency of the strongest Raman shift of
nitrobenzene. Woodbury and Ng confirmed that the near-infrared component is
resulted from SRS. As shown in Fig. 2-2, with both pump laser and Stokes photons
illuminating on Raman medium, the medium experiences a transition from ground
state E; to virtual level and is left in the excited state £. As in spontaneous Raman

scattering, the energy difference (%wg) coincide the properties of Raman medium

expressed by:
ho,=E, - E, =W, - o) (2-3)
—_——— —
he, e VW,
ho, \WW\> '
E
Ej ¥ hay

Fig. 2-2. Energy level diagram for Stimulated Raman scattering
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SRS results in a stimulation of an additional Stokes photon coherent with the
incident Stokes photons. Therefore SRS can generate more intense coherent radiation
at new frequency. Stimulated Raman scattering (SRS) is an efficient and practical
method of frequency conversion based on a third-order nonlinear optical process. If
the intensity of incident light is sufficiently high, then the nonlinear optical
phenomena occur. The induced polarization per unit volume P in a medium depends
on the amplitude of the electric field of incident light £ and can be expanded in a

series of power of E:

P=eyy" Ete,y® |E[ +e,2°|E + (2-4)

where & is the dielectric constant, " is the linear optical susceptibility and y*, )
are the second-, third-order nonlinear optical susceptibility of the medium. The
nonlinear polarization terms become more and more significant with increasing the
amplitude of the electric field. The term containing 5 is responsible for second-order
nonlinear optical effect including second harmonic generation (SHG), sum frequency
generation (SFG), difference frequency generation (DFG), and optical parametric
amplification (OPO). The term containing »**’ is responsible for third-order nonlinear
optical effect including SRS, stimulated Rayleigh scattering, stimulated Brillouin
scattering, self-focusing, self-mode-locking. The phenomenon of competition between
SRS and self-focusing usually occurs in a high-power intracavity Raman laser.
Therefore the optimum mode size in the self-Raman medium is subject to a
compromise between lowering the SRS threshold and avoiding optical damage

induced by self-focusing [4]

11
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If the intensity of first-Stokes photon is sufficiently high, then it can act as a
pump source for the second-Stokes photon. Therefore the second-Stokes component
will be generated and possibly higher order as shown in Fig. 2-3. The energy

. h .. . .
conversion for n"-order Stokes emission is applied:

ho

) = @, —nhay (2-5)

The n™-order Stokes wavelength Asm) 18 expressed by:

—— =——nXV

R (2-6)
s(n) P

where 4, is the incident pump wavelength, vg=wg/c is the Raman shift of Raman
medium, and c is the light speed in Raman medium. With a suitable output coupler
whose coating is designed to suit the Stokes wavelengths, the qusi-continuous tunable

Raman laser could be achieved by using a Raman medium with a low Raman shift.

1st-Stokes
—_— 2nd-Stokes

—_— — —  3d-Stokes
ho -A |
p ho
MWW s1 ha)sZ ha)s3
YAVAVAY, 2 AN\~
E
E o

Fig. 2-3. Energy level diagram for high-order Raman emission

12
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2.2 Raman Media

Spontaneous Raman scattering was discovered by Raman in 1928 and was widely
applied in spectroscopy. In 1962, the first observation of SRS was made after the
discovery of laser which can provide the high peak powers required for SRS. Raman
media include liquids, gases, and solids. In 1963, the crystalline Raman media
including diamond (C), calcite (CaCO3) and a-sulfur (S) were used for frequency
conversion and the properties are summarized in table 2-1 [5]. Although SRS in
crystalline media has been proposed for over 40 years, there has been a resurgence of
interest in solid-state Raman lasers due to the discovery and development of new
Raman crystals. In particular, the high conversion efficiency up to 77% was
demonstrated by use of LilO; Raman crystal in arclamp pumped Nd:YALO laser in
1977 [6]. Currently, the crystals commonly used for SRS are LilOs;, Ba(NO3),,

BaWO,, KGd(WOs),, and PbWOq listed in table 2-2 [7-11].

Material | Raman Raman Cross
shift linewidth | section
(cmY) (cm1) (a.u.)

diamond | 1333 2.7 100

calcite 1086 1.2 6

a -sulfur | 216

13

Table 2-1. Spectroscopic characteristics of Raman-active materials diamond, calcite, and a-sulfur [5].
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Raman crystals with good thermal and mechanical properties, high Raman gain,
high optical damage threshold, high transmission at the pump and Stokes wavelengths
have considerable potential for frequency conversion of SRS. The thermal properties
are important because the heat generated through inelastic SRS process is
accumulated in a Raman crystal. In high-power operation, the thermal effects become
critical issues for the SRS process and the property of high damage threshold is
helpful for practical purposes. Higher Raman gain corresponds with a lower SRS
threshold. The higher transmission at the pump and Stokes wavelengths results in less

cavity loss.

Material Raman shift | Raman Cross section | Raman gain Damage
(cmh) linewidth | (arb. units) (cm/GW) threshold
(cm) (GW/cm?)
LilO, 822 5 54 4.8(1064 nm) |~0.1
Ba(NO,), 1047 0.4 21 47 (532 nm) ~04
11 (1064 nm)
BaWwoO, 924 1.6 52 8.5 (1064 nm) |~5
40 (532 nm)
KGd(WO,), | 768 6.7 59 4.4 (1064 nm) |~ 10
901 5.7 54 11.8 (532 nm)
3.3 (1064 nm)
PbWO, 904 4.7 3.1 (1064 nm) |~ 1
8.4 (532 nm)

Table 2-2. Spectroscopic characteristics of the Raman-active materials LilO;, Ba(NOj),, BaWOy,,

KGd(WOy),, and PbWO, [7-11].

Recently, potassium titanyl phosphate (KTP), rubidium titanyl phosphate (RTP),

and potassium titanyle arsenate (KTA) which are widely recognized as prominent

14
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nonlinear optical crystals involving nonlinear optical susceptibility »® have been
experimentally confirmed to be practical SRS converter devices [12-16]. It has been
demonstrated that the low value of the KTP-related Stokes shift (270 cm™) [17] and
KTA-related Stokes shift (234 and 671 cm™) [18] permit generation of
multi-frequency radiation with cascade SRS [12, 19-20]. The Raman spectrum of RTP
measured by Carvajal shows the dominant RTP Stokes shift at 260 cm™ [21]. Our own
measured spontaneous Raman spectra of KTP, RTP, and KTA crystals are shown in
Fig 2.4 and their Raman shift (Stokes shift) and Raman linwidth are summarized in
table 2-4. Our measured results are consistent with Raman spectra reported in Ref. [17,

18, and 21].

15
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Fig. 2-4. Spontaneous Raman spectrum of (a) KTP (b) RTP and (c) KTA
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Material | Raman shift (cm1) [ Raman linewidth (cm-1)

KTP 214 4.8
269 6.2
311 9.6
371 8.8
402 6.22
631 12.2
695 16.9

RTP 212 4
272 10.1
370 134
396 4.7
690 20.9

KTA 190 4.7
235 5.4
273 4.7
673 16.8

Table 2-3. Measured characteristics of the Raman-active materials KTP, RTP and KTA.

Nd-doped YVO, and GdVOy, crystals have been identified as useful materials for
diode-pumped solid-state lasers due to its high absorption coefficient and large
thermal conductively [22-25]. In 2001, it was predicted that the new Raman crystals
yttrium othovanadate (YVOs) and gadolinium othovanadate (GdVOs) would be
promising Raman media [26]. Therefore, YVO4 and GdVOj crystals become highly
attractive self-Raman laser media based on combinations of their stimulated-emission
and SRS properties. The Raman gain coefficients of YVO4 and GdVOyq crystals at the
most intense peaks 890 and 882 cm™, respectively, were found to be greater than 4.5

cm/GW with a linewidth around 3 cm™ summarized in table 2-4 [26]. In addition, our

17



Ch2 Stimulated Raman Scattering

own measured spontaneous Raman spectra of YVO4 and GdVO; crystals are shown in

Fig 2.5 and their Raman shift and Raman linwidth are summarized in table 2-5. Our

measured results agree with that reported in Ref. [26].

Intensity (arb. units)

Material | Raman | Raman | Cross Raman Damage
shift linewidth | section gain threshold
(cm) (cmh) (arb. units) | (cm/GW) | (GW/cm?)
YVO, 890 2.6 92 >45 ~1
(1064 nm)
GdVvO, 882 3 92 >4.5 ~1
(1064 nm)

Table 2-4. Summary characteristics of the Raman-active materials YVO,, and GdVO, [26].

(b)
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Fig. 2-5. Spontaneous Raman spectrum of (a) YVO,, and (b) GdVO,.
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Material | Raman shift (cm') [ Raman linewidth (cm-t)
YVO, 261 4.8
379 10.5
841 5
892 4
Gdvo, 379 26
825 5.7
884 4.4

Table 2-5. Measured characteristics of the Raman-active materials YVO,, and GdVO,.

2.2.1 Raman Gain Coefficient

Raman gain of crystal Raman medium is proportional to the exponential of
Raman crystal length and Raman gain coefficient. For a single-pass Raman generator,
the pump laser is spontaneously scattered to be amplified scattered Stokes light after

passing through a Raman medium. The Stokes intensity grows as [27]

I5(1) = 15(0)exp(g,1,]) (2-7)

where / is the Raman crystal length, /,(0) is the Stokes intensity at the crystal surface,

I, is the pump intensity, and gs is the Raman gain coefficient which is given by

24N (do / dQ
S 5% ( c (2-8)

I, - herng | Av,

where 4, and /s is the pump and Stokes wavelength, respectively, N is the number
density of molecules, do/dQ is the Raman scattering cross section, Avg is the

half-maximum Raman linewidth, 7 is the Planck’s constant, c is the velocity of light

19
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in vacuum, ng is the refractive index of Raman medium at As. Raman gain coefficient
is proportional to the Raman scattering cross section and is inversely proportional to
the Raman linewidth. In addition, Raman gain coefficient decreases substantially with
increasing temperature above room temperature [28]. For example, the Raman spectra

of silicon crystal for various temperatures are shown as Fig. 2-6 [29].

—— 33
T T T 3 ' T
20K Silicon ()11
4 Stokes sample @
460 K Laser
L beam nso |
& 3 770 K
i Resolution
£ 2 -
Anti-Stokes
770K
1 460K
20K
0
-520 =500 +500 +520

Raman shift, cm™!

Fig. 2-6. Raman spectra of silicon crystal [29]
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2.3 Solid-State Raman Laser Configuration

Solid-state Raman lasers have been realized in Raman generation, extracavity,
intracavity, and coupled cavity configurations [30-33]. In our experiments, we use
diode-end-pumped intracavity configuration in which the pump laser and Raman
crystal are placed in the same cavity as shown in Fig. 2-7. The configuration of
diode-pumped solid-state intracavity Raman laser has advantages on compactness,
low SRS threshold, and high efficiency. If the laser crystal can simultaneously serve
as a Raman crystal, the intravavity self-Raman laser without an additional Raman
crystal is more compact. The Q-switch device (acousto-optic or electro-optic) is used
to generate high peak power pulse to reach the SRS threshold. The front mirror has
high-reflection coating at the fundamental and Stokes wavelengths and
high-transmission coating at the diode wavelength. The output coupler is designed to
suit the lasing Stokes wavelengths with high-reflection coating (high-Q) at

fundamental wavelength and partial-reflection coating at lasing Stokes wavelength.

Laser _ Raman
crystal Q-switch  crystal

Diode
pump

Fig. 2-7. Schematic diagram of a diode-pumped solid-state intracavity Raman laser.
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Combining SRS with SHG or SFG can generate the solid-state laser source at
new wavelengths in the spectral range of visible and UV light [33]. The
diode-end-pumped solid-state laser with intracavity SRS and SHG/SFG we used in
our experiments is shown as Fig. 2-8. The front mirror has high-reflection coating at
the fundamental, Stokes, and SHG/SFG wavelengths and high-transmission coating at
the diode wavelength. The output coupler is designed to suit the SHG/SFG
wavelengths with high-reflection coating (high-Q) at fundamental and Stokes

wavelengths and partial-reflection coating at SHG/SFG wavelength.

Laser . Raman SHG/SFG
D crystal QSWItCh crystal  crystal D

Diode
pump

— ——-

Fig. 2-8. Schematic diagram of a diode-pumped solid-state laser with intracavity SRS and SHG or SFG.

The mode size of laser beam is designed to lower the SRS threshold, maximize
the conversion efficiency, and avoid optical damage induced by self-focusing.
However, for self-Raman laser, the optimum mode size in the self-Raman medium is
subject to a compromise between maximizing the conversion efficiency and avoiding

optical damage induced by self-focusing [34].
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2.4 Modeling Investigation of Q-Switched Intracavity

Raman Laser

In Q-switched operation, the rate equations for intracavity Raman laser at

first-Stokes wavelength can be expressed by [35, 36]

9% ocpn 241
PR AdaL! (2.4.1)
dp, _ 20, [onl, — ghv coul -2 (2.4.2)
Aty t,
d 2
e :&hCIR[gRIVR1¢L —ngsz(/’Rz]_& (2.4.3)
dt - Ixy
d 2
T _ oo hel g [8raViaPri — ErsVraPrs]— P (2.4.4)
d? RT Iy,

, where n is the population inversion density of laser medium and o is the stimulated
emission cross section of the laser medium. ¢p and ¢gr, are the intracavity photon
density of fundamental and n"-Stokes photons inside the laser cavity, respectively.
trr=2lc/c is the round-trip transit time in the cavity of optical length /c, c is the light
speed in vacuum, p is the inversion-reduction factor, # =tgr/(Li-In(Ry)) and
frn=trr/(Lrn-In(Rgy)) are intracavity lifetimes of the fundamental and n™-Stokes
photons, respectively. Ry, Rg, and Ly, Lg, are the reflectivities of output coupler and
loss inside the cavity at fundamental and n"-Stokes wavelengths, respectively. /i and

Ir are the lengths of laser and Raman medium, respectively. ggr, is the Raman gain
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coefficient of n™-Stokes component , / is the Plank constant, and vg, is the frequency
of n"-Stokes photon. When pump energy is sufficient to reach Raman gain, it is
rapidly converted to the first-Stokes pulse. Stokes pulse with is often much shorter
than the fundamental pulse. The second-Stokes pulse can be produced as the intensity

of first-Stokes pulse is sufficient to pump it, and possibly higher-order.

The energy of Raman laser can be obtain by integrating the output power over

time as follows [36]

out

I3 I3
Rn Schv Rn
E,, j P di ="y (R—) j Dol (2.4.5)

Rn

where #g,, is the Raman pulse duration and S is the cross section of Raman beam in the

cavity. The Raman pulse with is the same as the width of Stokes photon density @gy.
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2.5 The Most Common Spectral Coverage of Solid-State

Raman Laser

2.5.1 Infrared Raman laser

The output wavelength of Raman laser is determined by the wavelength of the
fundamental pump laser and the Raman spectrum of the Raman medium. Most
solid-state Raman lasers have been pumped by Nd lasers operating at fundamental
wavelength near 1.06 or 1.32 um. For Nd-doped Raman laser with commonly used
Raman crystal (Raman shift: 800-900 cm™) such as Ba(NOs), [37], Ba(WO,), [38],
KGd(WOs); [39] and so on, the spectral coverage from 1.1 to 1.3 um and from 1.4 to
1.55 um can be achieved with the fundamental wavelength near 1.06 and 1.32 pm,
respectively. Since water absorption in eye tissue and the intraocular fluid prevents
light in the spectral range of 1.4-1.8 um from reaching the retina as shown in Fig.
2-9(d), there is a considerable interest in compact laser source with wavelengths in
this eye-safe regime. The applications of eye-safe lasers include remote-sensing,

atmospheric science, and laser range-finder, etc..

The radiation with wavelengths shorter than 315 nm and greater than 1.9 um is
completely absorbed by the cornea of the eye as shown in Fig. 2-9(a). The radiation
between 315 and 400 nm is absorbed at the lens as shown in Fig. 2-9(b). The radiation

between 400 to 700 nm is focused on the retina and represents the greatest hazard.
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The radiation between 700 to 1400 nm is partially absorbed before it reaches the
retina as shown in Fig. 2-9(c). As shown in Fig. 2-9(d), the radiation between 1.4-1.8

um is absorbed by the cornea and aqueous humor and it can not reach the retina.

\_/\

(a) Below ~315nm (b) ~315-400 nm

(€) ~400-1400 nm (d) Above ~ 1400 nm

Fig. 2-9. Spectral transmission characteristics of a human eye exposed to laser radiation with
wavelength (a) below 345 nm (b) between 315 to 400 nm (c) between 400 to 1400 nm and (d) above

1400 nm [40]

2.5.2 Visible/Ultraviolet Raman Laser

Combining SRS with SHG or SFG, the new laser sources in the spectral region of
visible and UV light have been successfully generated as shown in Fig. 2.10 [33].
More interestingly and importantly, yellow lights are useful for biomedicine,
ophthalmology, dermatology, and laser guide stars. The applications of visible and
ultraviolet lasers include laser bathymetry, underwater detection, and biological

detection.
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Fundamental  1st Stokes 2nd Stokes
Vo > Y, > Vo =-
\
A 4 A 4 \« ’
\ /7
\\’/

2vo| votyvy 2u, [ty |20, |Vatyg

SHG SFG SHG SFG SHG SFG

Fig. 2-10. Diagram showing the selectable frequency of a laser combining cascaded SRS emission and

SHG/SFG with a fundamental laser of frequency vy.
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3.1 Thermal Lensing Effect

Diode-pumped solid-state laser has been adopted widely due to its compactness,
high efficiency, and reliability [1]. Comparing with a diode-side-pumped
configuration, the smaller laser beam waist, higher density of pump power, and
inhomogeneous heating make thermal lensing effect become a serious problem in a
diode-end-pumped configuration. The localized absorption of pump power in a laser
crystal leads heat converted from pump power to accumulate near the pumped facet of
laser crystal. The nonuniform temperature distribution of laser crystal is represented
by a parabolic-logarithmic function [2]. The temperature-dependent variation of
refractive index and the end bulging effect make laser crystal act as a thermal lens [3].
Owing to the nonuniform temperature distribution the temperature gradients accrue
stress that could bring thermal fracture under high pump power operation [3]. There
exists a fracture-limited pump power for laser crystal that makes scaling to a higher
average power be restricted [4]. For a diode-end-pumped solid-state laser, the laser
performance including laser stability, maximum achievable average power, efficiency,
and degradation of laser beam quality is significantly influenced by thermal lensing
effect [5-7]. Therefore, promotion of laser performance can be accomplished by

efficient reduction of thermal lensing effect.

According to the theoretical thermal modeling of CW end-pumped solid-state
laser presented by Innocenzi et al., the effective focal length can be approximately

expressed by [8]
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(3-1)

y 7rKa1p2 { 1 } 3 pr2
th -

" EP (dn/dl) P

in

I-exp(-a 1)

where K is the thermal conductivity, , is the pump-beam radius in the active medium
in the unit of mm, ¢ is the fractional thermal loading, P;, is the pump power in the unit
of watt (W), (dn/dT) is the thermal-optical coefficient of n, a is the absorption
coefficient, /, is the length of the active medium, C is a proportional constant in the
unit of W/mm. End-pumped solid state laser cavity can be designed to optimize the
laser performance by determining the focal length of thermal lens. Several methods
for determining the focal length of thermal lens in diode-end-pumped laser crystal

have been presented [9-14].

In the past few years, employing a composite crystal with nonabsorbing undoped
end has been regarded as a promising method for cooling the laser crystal to improve
the laser performance of diode-pumped solid state laser [15-23]. With the reduction of
temperature and stress, a more uniform longitudinal temperature distribution can be
generated to bring out a higher fracture-limited pump power and a higher average

power.
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3.2 Comparison of Thermal Lensing Effects between
Single-End and Double-End Diffusion-Bonded Nd:YVO,

4 4 4 4 o e
Crystals for "F3,— 11, and "F3,— 13, Transitions

Nd:YVO; crystal has been seen as an excellent laser material for diode-pumped
solid-state laser due to its broad absorption bandwidth and large laser emission cross
section at the 4F3/2—>4IU/2 (1064 nm) and 4F3/2—>4113/2 (1342 nm) transitions. In this
work, we measure the focal lengths of thermal lens of one conventional and two types
of composite Nd:YVOy crystal for the 1064- and 1342-nm transitions. One composite
Nd:YVOys crystal is bounded with an undoped end at its pumped facet, and the other
composite crystal is bounded with undoped ends at its two facets. The composite
crystals are fabricated by the method of diffusion-bonding with high quality on the
interface. The simple setup of continuous-wave (CW) laser is utilized to measure the
focal length of thermal lens under easy operation. While the cavity length is increased
to the critical cavity length, the thermal lensing effect leads the laser cavity to become
unstable. By finding the critical cavity length, the effective focal length of thermal
lens can be worked out. We observe that the stronger thermal lensing effect in
Nd:YVOy crystal for the 1342-nm transition than that for the 1064-nm transition due
to the higher thermal loading accompanying the lower conversion efficiency. The
power performance, focal lengths of thermal lens and thermal lensing effects for the
three types of Nd:YVO, crystal for the 1064 and 1342 nm transitions will be

discussed in this work.
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Fig. 3-1. Experimental setup of a diode-end-pumped Nd:YVO, CW laser for measuring the effective

focal length of thermal lens in the laser crystal.

3.2.1 Experimental Setup

The experimental setup shown in Fig. 3-1 for measuring effective focal lengths
of thermal lens in a diode-end-pumped laser crystal is the setup of normal CW
Nd:YVOy laser. The output coupler connected with a stepper motor can be moved in
the longitudinal direction to change the cavity length. The cavity length can be
changed from 2.5 to 50 cm by controlling the stepper motor. The laser crystal is
pumped by an 808-nm fiber-coupled laser diode with a core diameter of 0.8 mm, a
numerical aperture of 0.16, and the maximum output power was 22 W. The pump
beam is reimaged into the laser crystal and the radius was about 0.4 mm. The laser
crystal is wrapped in indium foil and mounted on water-cooled copper blocks. The
water temperature is maintained at 17°C. The entrance face of the 500-mm
radius-of-curvature concave front mirror is coated for antireflection at the pump
wavelength of 808nm (R<0.2%) and the other face is coated for high-transmission at

808 nm (T>90%) as well as high-reflection (R>99.8%) at the lasing wavelength. In
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this work, we consider the thermal lensing effect for the diode-end-pumped CW
Nd:YVO, lasers operated at 1064 and 1342 nm. The individual coatings of front
mirrors and output couplers are required for achievement of different lasing
wavelengths. The two flat output couplers have the reflectance of 88% at 1064 and

92% at 1342 nm used for CW 1064 and 1342 nm lasers, respectively.

=g|‘-‘ﬂ

Nd:YVO ' !
) YVO4 Nd:YVO, YVO4 Nd:YVO, yvo,

Fig. 3-2. The three types of laser crystal with different structures. (a) Conventional Nd:YVO, crystal.
(b) Diffusion-bonded Nd:YVO, crystal with single end at its pumped facet (YVO,-Nd:YVO,). (c)

Diffusion-bonded Nd:YVO, crystal with double end (YVO,-Nd:YVO,-YVO,).

Figure 3-2 shows the three types of a-cut Nd:YV Oy laser crystal employed in this
work. Fig. 3-2(a) shows a 3 mm % 3 mm X 9 mm, 0.27-at.% Nd:YVO; crystal. Fig.
3-2(b) shows a 4 mm x 4 mm x 12 mm diffusion-bonded crystal called
YVO4-Nd:YVO,4 with single 2.7-mm-long undoped end at the pumped facet of
0.3-at.% active Nd:YVOy, crystal. Fig. 3-2(c) shows a 4 mm X 4 mm X 14 mm
diffusion-bonded crystal called YVO4-Nd:YVO4-YVO,4 with double 2.1-mm-long
undoped ends bonded to the both facets of 0.3-at.% active Nd:YVOy crystal. The Nd
concentration is measured by the company supplying the crystals. Both sides of the

three crystals are coated for antireflection at 1064 and 1342 nm (R<0.2%).
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3.2.2 Experimental Results and Discussions

The laser performance of diode-end-pumped solid-state laser is strongly affected
by thermal lensing effect. Figure 3-3 and Fig. 3-4 depict experimentally measured
average CW power of 1064 and 1342 nm with respect to the cavity length for the
three types of Nd:YVOy crystal under individual pump power, respectively. The sign
of Piy in the Fig. 3-3 and Fig. 3-4 means the input pump power. The average CW
power is optimized at the cavity length of 2.5 cm with pump power of 8.32 and 7.61
W for 1064 and 1342 nm, respectively. In order to make sure that the transverse mode
is the TEMy, mode without high-order mode, the optimization is done near the pump
threshold. Note that while the cavity length is increased and the power is decreased
rapidly, optimizing average power is not allowed. It is because the extraordinary

high-order mode may compensate the power decay from thermal lensing effect.

While the cavity length is increased to a critical cavity length, the strong thermal
lensing effect causes the laser cavity to become unstable. The relationships between
average CW output power and cavity length are shown as Fig. 3-3 and Fig. 3-4. The
maximum power at short cavity of the conventional crystal is much lower than that of
the other two composite crystals mainly due to the difference in dopant concentration.
The critical cavity length is determined based on unified criterion that the output
power is dropped to the 70% of maximum power at the stable (short) cavity. The

corresponding focal length of thermal lens fy; is expressed by [24]

- - (3-2)
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Fig. 3-3. Experimentally measured average CW output power of 1064 nm with respect to the cavity

length for the three types of Nd:YVO, laser crystal with an input pump power (a) Pin=10.4 W (b)
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Fig. 3-4. Experimentally measured average CW output power of 1342 nm with respect to the cavity

length for the three types of Nd:YVO, laser crystal with an input pump power (a) Pin=7.61 W (b)
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where d; and d, are the distances from the pumped facet of laser crystal to the front
mirror and output coupler, respectively, / is the length of the laser crystal, n is the
refractive index of the laser crystal, r is the radius of curvature of the front mirror. d;
is around 2.4, 1.1, and 1.6 mm for conventional Nd:YVO4, composite
YVO4-Nd:YVOy4, and YVO4-Nd:YVO4-YVO,, respectively, and is fixed during the
experiments. We substitute the critical cavity lengths in terms of d; and d, into the Eq.
(3-2) to get the effective focal lengths of thermal lens f;. Even though this easy
experimental method can not give an absolutely accurate f;, the relative precision is

sufficient to make comparison of thermal properties.
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Fig. 3-5. The relationship between the effective focal length of thermal lens and the input pump power
for three types of Nd:YVO, crystal operated at (a) 1064 and (b) 1342 nm. The symbols represent

experimental data and the curves are theoretical fitted results.

The experimentally obtained f;, are plotted as symbols in Fig. 3-5. Because the
thermal conductivity of YVO; in the b- and c-axis of 5.1 and 5.23 W/(mK) are very

close, respectively, it can be seen as a radial symmetry thermal model [4]. The
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Innocenzi model for rod-type crystal is available here. The Eq. (3-1) is used to fit the
experimental data and the theoretical fitted curves with the approximate
corresponding constants C are depicted in Fig. 3-5. The constants C of the
conventional Nd:YVOy,, composite YVO4-Nd:YVO,, and YVO4-Nd:YVO4-Y VO, for
the 1064-nm transition are 4.9><104, 11><104, and 11x10* W/mm, respectively. The
constants C of the conventional Nd:YVO4, composite YVO4-Nd:YVO,, and
YV0O4-Nd:YVO4-YVO, for the 1342-nm transition are 2.1><104, 2.5><104, and 3.4x10*
W/mm, respectively. The bigger constant C which represents the longer focal length
of thermal lens means the weaker thermal lensing effect. The increase of the pump
power enhances the thermal lensing effect. With the equal pump power, the focal
length of thermal lens for CW 1342-nm laser is shorter than that for CW 1064-nm
laser due to the higher thermal loading. The higher thermal loading accompanying the
lower conversion efficiency is mainly attributed to the higher quantum defect for the

longer laser wavelength.

According to the above-mentioned constants C, it is proven that both the focal
lengths of thermal lens in the YVO4Nd:YVO4 and YVO4-Nd:YVO4-YVO, are
increased by nearly 2.2-times that in the conventional Nd:YVO, for the 1064-nm
transition. The focal lengths of thermal lens in the YVO4-Nd:YVO, and
YVO4-Nd:YVO4-YVO, are increased by nearly 1.2 and 1.6-times that in the
conventional Nd:YVO, for the 1342-nm transition, respectively. Even though the
ability of thermal diffusivity in a laser crystal with bigger cross section is inferior [17,
25], the focal lengths of thermal lens in the two composite Nd:YVO; crystals are

longer than that in the conventional Nd:YVOy crystal. In addition, we discuss the
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influence of different dopant concentration and the length of active medium on the
thermal lens. The absorption coefficient a for a typical laser diode with the center

wavelength of 808 nm is expressed by [4]
a=2-N, (mm") (3-3)

where N; is the Nd dopant concentration in the unit of %. The values of a/ are 4.86,
5.58, and 5.88 for the conventional Nd:YVO,, the composite YVO4-Nd:YVO,, and
YVO4-Nd:YVO4-Y VO, respectively. According to the Eq. (3-1), the bigger value of
al represents the shorter focal length of thermal lens. But the differences in the value
of (1-exp(-al))" between the three crystals is below 0.5 % and could be ignored.
Further, the influence of different cross section on the thermal diffusivity is small for
edge cooling system. Even we consider the influence, the conventional crystal with
small cross section would have better thermal diffusivity and the conclusion does not
be changed. Therefore, it is seen that the improvement of thermal lensing effect
contributed by employing the two diffusion-bonded Nd:YVO, crystals greatly

overcomes the disadvantage of the bigger cross section.

The experimental results reveal that the thermal lensing effect in the
YVO4-Nd:YVOy is nearly equal to that in the YVO4-Nd:YVO4-Y VO, for the highest
efficient 1064-nm transition. Therefore only single 2.7-mm-long undoped end at the
pumped facet of laser crystal is sufficient for improving the thermal lensing effect to
increase the effective focal length of thermal lens to nearly 2.2 times that of the
conventional Nd:YVOq crystal for CW 1064-nm laser. However, the improvement in

thermal lensing effect of the YVO4-Nd:YVO4-YVO, with double 2.1-mm-long
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undoped ends noticeably outperforms that of the YVO4-Nd:YVO; with single
2.7-mm-long undoped end for the 1342-nm transition. As a result of the stronger
thermal lensing effect for the 1342-nm transition, the double undoped ends bonded to
the both facets of active medium are essential for assisting thermal diffusing to
increase the effective focal length of thermal lens to nearly 1.6 times that of the

conventional Nd:YVOy crystal.
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3.3 Conclusion

The comparison of thermal lensing effects between diffusion-bonded
YVO4-Nd:YVO4 and YVO4-Nd:YVO4-YVOy crystals with single- and double-end,
respectively, is demonstrated by measuring the effective focal lengths of thermal lens.
The both types of diffusion-bonded crystal can improve the thermal lensing effects of
conventional Nd:YVO, crystal. The YVO4-Nd:YVO, with single 2.7-mm-long
undoped end is capable of accomplishing the improvement in thermal lensing effect
of YVO4-Nd:YVO4-YVO, with double 2.1-mm-long undoped ends for the 1064-nm
transition. However, the improvement of YVO4-Nd:YVO4-YVO; with double
2.1-mm-long undoped ends remarkably tower over that of YVO4Nd:YVO, with
single 2.7-mm-long undoped end for the 1342-nm transition with higher thermal
loading. Therefore YVO4-Nd:Y VO, and YVO4-Nd:YVO4-YVOys crystals can serve as
promising substitutes for a conventional Nd:YVOy crystal to reduce thermal lensing
effect and scale to a higher average power of diode-end-pumped CW Nd:YVOy; lasers

operated at 1064 and 1342 nm, respectively.
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Ch4 Compact Efficient Intracavity Raman Laser with a Diffusion-Bonded Crystal

4.1 Introduction

In our experiments, it has been found that Raman laser performance is hindered
by the thermal loading because the Raman gain coefficient decreases substantially
with increasing temperature above room temperature [1]. In high-power operation, the
laser crystal acts as a thermal lens because heat converted from pump power
accumulates at the pumped end of laser crystal. In addition, the thermal loading
generated through inelastic SRS process in Raman crystal resulted in second thermal
lens. Therefore, thermal lensing effect is a significant issue for developing
high-efficiency Raman lasers. The thermal lensing effects in LilOs;, BaNO;, and
Nd:GdVO, Raman crystals have been investigated [2-5]. In chapter 3, it is
experimentally verified that double-end diffusion-bonded Nd:Y VO, crystal can serve
as a promising substitutes for a conventional Nd:YVO; crystal to reduce the thermal
lensing effect and improve the laser performance of diode-end-pumped CW lasers
operated 1342 nm. In this chapter, a compact efficient Q-switched eye-safe Nd:YVO,
Raman laser at 1525 nm and a high-efficiency Q-switched dual-wavelength
Nd:YVO4/BBO laser at 1176 and 559 nm are demonstrated with a double-end

diffusion-bonded Nd:YVO; crystal employed as a self-Raman medium.
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4.2 Compact Efficient Q-Switched Eye-Safe Laser at 1525
nm with a Double-End Diffusion-Bonded Nd:YVO, Crystal

as a Self-Raman Medium

Since water absorption in eye tissue and the intraocular fluid prevents light in the
spectral range of 1.4-1.8 um from reaching the retina, there is a considerable interest
in compact laser sources with wavelengths in this eye-safe regime. The methods of
generating eye-safe laser include optical parametric oscillators [6-9], Er’*, Cr*", and
Yb** doped solid-state laser [10-12], and stimulated Raman scattering (SRS) [13-20].
SRS has been convinced to be a promising method for wavelength conversion in
solid-state lasers [21-23]. The discovery of new Raman materials gives birth to the
laser sources at new wavelengths. In the recent years, eye-safe lasers from SRS
frequency conversion have been successfully demonstrated in several Raman
materials such as Ba(NO3),, Nd:YVO4, Nd:GdVOy4, Nd:StWO,, Nd:KGWO,4, BaWO,,
and PbWO, [13-20]. The laser crystal simultaneously serving as a Raman crystal can
provide the advantage of compactness and simplicity for an intracavity SRS laser [24].
The laser emission at wavelengths of 1176 and 1525 nm based on self-SRS action in
1064- and 1342-nm actively Q-switched Nd:YVO, laser have been reported,
respectively [1, 14, 25]. However, the overall performance is hindered by the thermal
effects because the Raman gain coefficient decreases substantially with increasing

temperature above room temperature [1]. Therefore, to improve the thermal effects in
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the gain medium is critically important for developing self-Raman solid-state lasers.

In the past few years, the thermal effects have been verified to be efficiently
improved by using the so-called composite crystal as a gain medium [26-34]. The
composite crystal is fabricated by the diffusion bonding of a doped crystal to an
undoped crystal with the same cross section. To the best of our knowledge, the
composite crystal has not been applied to the self-Raman laser systems. In this work,
we employ a double-end diffusion-bonded Nd:YVO; crystal to investigate the output

performance of the self-Raman laser at 1525 nm.

4.2.1 Experimental Setup

The experimental setup of a diode-pumped actively Q-switched eye-safe Raman
laser employing a composite Nd:YVOy crystal is shown in Fig. 4-1. The laser crystal
is an a-cut 4 mm x 4 mm X 20 mm double-end diffusion-bonded Nd:YVOy, crystal
bounded with one 2-mm-long undoped YVO, end at the pumped facet of 0.3-at.%
Nd**-doped Nd:YVO, crystal and one 8-mm-long undoped YVO, end at the other
facet. The laser crystal is supplied by Witcore Co., Ltd. With the 1342-nm
fundamental pump wavelength, the wavelength of the first-Stokes component for the
YVO, Stokes shift at 890-cm™ can be calculated to be around 1525 nm. The front and
output coupler are designed for the first-Stokes generation. Both sides of the laser
crystal are coated for antireflection at 1330-1530 nm (R<0.2%). In addition, the laser

crystal is wrapped with indium foil and mounted in a water-cooled copper block. The
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water temperature is maintained at 22°C. The front mirror is a 500-mm
radius-of-curvature concave mirror with antireflection coating at 808 nm on the
entrance face (R<0.2%), high-transmission (HT) coating at 808 nm (T>90%), and
high-reflection (HR) coating at 1342 and 1525 nm on the other face (R>99.8%). The
output coupler is a flat mirror with high-reflection coating at 1342 nm and
partial-reflection (PR) coating at 1525 nm (R=65%). The pump source is an 808-nm
fiber-coupled laser diode with a core diameter of 600 um, a numerical aperture of 0.16,
and a maximum power of 17.2 W. The pump beam is reimaged at the laser active
medium and the waist radius is nearly 250 um. The 30-mm-long acousto-optic
Q-switcher (NEOS Technologies) has antireflectance coatings at 1342 nm on both
faces and is driven at a 27.12-MHz center frequency with 15.0 W of rf power. The

overall laser cavity length is 75 mm.

front mirror output coupler

i AO Q-switch
_Q_ < BEl —
"3 - il H L/J

laser diode focusing "= YVO,Nd:YVO,-YVO,

lens unit T
HR@1342nm (R>99.8%)

HR@1342~1525nm (R>99.8%) PR@1525nm (R=65%)
HT@808nm (T>90%)

eye-safe laser

Fig. 4-1. Experimental setup of a diode-end-pumped actively Q-switched Nd:YVO, Raman laser.

4.2.2 Experimental Results and Discussions

We firstly use a simple laser setup for CW operation at 1342 nm to investigate

the improvement of the thermal lensing effect in a double-end diffusion-bonded
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Nd:YVO; crystal [35]. For this investigation an output coupler with partial reflection
at 1342 nm is used instead of the above-mentioned Raman cavity output coupler. The
optimum reflectivity of the output coupler is found to be approximately 92-94%. The
effective focal lengths of the thermal lens are estimated based on the fact that the laser
system will start unstable for a cavity length longer than the critical length related to
the thermal lensing. Even though the absolute accuracy is not easily achieved, this
method is confirmed to provide the high relative accuracy for the effective focal
lengths of the thermal lens [35]. Figure 4-2 shows the experimental data and fitted
lines of thermal lensing power in a conventional crystal and a double-end
diffusion-bonded crystal with the same dopant concentration. It can be seen that the
effective focal length in a double-end diffusion-bonded crystal is nearly 1.6 times that
in a conventional Nd:YVO, crystal. As a result, the thermal effects can be

substantiated to be significantly reduced in a double-end diffusion-bonded crystal.

When the Raman cavity output coupler is used in the laser cavity, the pumping
threshold for the Raman laser output is found to be 2-3 W for the pulse repetition
rates within 20-40 kHz. The beam quality factor is found to be better than 1.5 over the
entire operating region. The spectrum of laser output is measured by an optical
spectrum analyzer (Advantest Q8381A) employing a diffraction lattice
monochromator with a resolution of 0.1 nm. As shown in Fig. 4-3, the optical
spectrum for the actively Q-switched self-Raman output displayed that the
fundamental laser emission is at 1342 nm and the Stokes component is at 1525 nm.
The frequency shift between Stokes and laser lines is in good agreement with the

optical vibration modes of tetrahedral VO, - jonic groups (890 cm™) [36].
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Fig. 4-2. Dependences of thermal lensing power on input pump power for conventional and double-end

diffusion-bonded Nd:YVO, CW laser at 1342 nm.
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Fig. 4-3. Optical spectrum of the diode-pumped actively Q-switch Nd:Y VO, self-Raman laser.

Figure 4-4 shows the experimental results of the average output power at 1525
nm with respect to the input pump power for the present self-Raman laser at pulse

repetition rates of 20 and 40 kHz. For comparison, the previous results obtained by
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Chen [14] with a conventional 0.2%-doped Nd:YVOy crystal at a repetition rate of 20
kHz is also depicted in the same figure. Note that there were no experimental data for
a conventional 0.2%-doped Nd:YVOy crystal at a pulse repetition rate of 40 kHz
because of the high lasing threshold. It can be seen that the Raman lasing threshold
for a double-end diffusion-bonded Nd:YVO; crystal is approximately 2.0 W that is
substantially lower than the lasing threshold of 8.5 W for a conventional Nd:YVO4
crystal at the repetition rate of 20 kHz. Moreover, the lasing threshold at a pulse
repetition rate of 40 kHz for present self-Raman laser is below 3.0 W. A rather low
lasing threshold for high pulse repetition rates comes from the fact that the undoped
part of the composite crystal increases the interaction length and then enhances the

Raman gain.
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Fig. 4-4. The average output power at 1525 nm with respect to the input pump power at pulse repetition
rates of 20 and 40 kHz shown as the down-triangle and circle symbols respectively for the double-end
diffusion-bonded Nd:YVO, crystal and that at 20 kHz shown as the square symbol for a conventional

Nd:YVO, crystal reported by Chen [14].
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It has been experimentally evidenced that the maximum output power for a
conventional self-Raman laser is limited by the critical pump power that induces a
large temperature gradient in the gain medium to lead to the Raman gain lower than
the cavity losses [1]. Consequently, the output power begins to saturate when the
pump power exceeds the critical pump power. As shown in Fig. 4-4, the critical pump
power for the self-Raman laser with a double-end diffusion-bonded Nd:YVO; crystal
can exceed 17.2 W that is limited by the available pump power and is considerably
greater than the critical pump power of 13.5 W with a conventional Nd:YVOy crystal.
As a result, at the pulse repetition rate of 20 kHz, the self-Raman laser with a
double-end diffusion-bonded Nd:YVOy crystal can generate the maximum average
output power up to 1.72 W that is approximately 43% higher than the result with a
conventional 0.2 %-doped Nd:YVOy crystal [14]. At a repetition rate of 40 kHz, the
maximum power at 1525 nm is even up to 2.23 W with an input pump power of 17.2
W, corresponding to a conversion efficiency of 13%. To the best of our knowledge,

this is the highest average power for diode-pumped eye-safe self-Raman laser.
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Fig. 4-5. Temporal characteristics of the fundamental and Raman pulses at a pulse repetition rate of 40

kHz with a pump power of 17.2 W.
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The temporal traces for the fundamental and Raman pulses are recorded by a
LeCroy digital oscilloscope (Wavepro 7100, 10 Gsamples/s, 1-GHz bandwidth) with
two fast p-i-n photodiodes. At a repetition rate of 40 kHz the pulse energy is up to 56
uJ with an input pump power of 17.2 W and the pulse width is measured to be
approximately 3.2 ns, as shown in Fig. 4-5. The corresponding peak power is higher
than 17 kW. At the pulse repetition rate of 20 kHz, the maximum pulse energy is up to
86 wJ. Figure 4-6 shows the pulse width at a pulse repetition rate of 20 kHz with a
pump power of 17.2 W. It can be seen that although a second tiny Raman pulse
usually follows the main first peak, its contribution is rather limited. Consequently the
peak power can be generally higher than 22 kW. Since the fundamental energy is
remained after first Raman pulse, the sub-pulse of fundamental wave is formed shown
as Fig. 4-5 and Fig. 4-6. At a pulse repetition rate of 20 kHz, the remaining energy is
sufficient to reach Raman gain and a second tiny Raman pulse is produced shown as
Fig. 4-6. The sub-pulse would not be generated if the reflectivity of output coupler

was lowered.
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Fig. 4-6. Temporal characteristics of the fundamental and Raman pulses at a pulse repetition rate of 20

kHz with a pump power of 17.2 W.
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4.3 High-Efficiency Q-Switched Dual-Wavelength Emission

at 1176 and 559 nm with Intracavity Raman and SFG

In the recent years, new laser sources in the spectral range of visible and UV
light have been successfully generated by combining SRS with second Harmonic
generation (SHG) or sum frequency generation (SFG) [37]. More interestingly and
importantly, yellow lights are useful for biomedicine, ophthalmology and dermatology.
To date, the highest yellow average power of 3.14 W at 590 nm for a pulse repetition
rate of 10 kHz was obtained by doubling diode-side-pumped Nd:YAG/BaWO, Raman
laser [38]. In continuous-wave (CW) operation, the highest yellow average power of
2.51 W at 586.5 W was generated from intracavity frequency-doubling of a
diode-end-pumped Nd:GdVOy, self-Raman laser [39]. Recently, the yellow-green laser
near 560 nm has been shown to give excellent excitation of phycoerythrins and low
molecular weight fluorochromes [40]. The methods of generating yellow-green
solid-state laser sources include external-cavity Raman laser pumped by
frequency-doubled Nd** lasers, SHG in low-gain Nd** lasers, frequency-doubled
optically pumped semiconductor laser, and SFG or SHG in infrared Raman lasers.
Firstly, He et al. reported on a 532 nm-pumped multi-wavelength lasers comprising
25-m] yellow-green emission at 563 nm based on cascade Raman generation in a
Ba(NOs), crystal [41]. Kaminskii et al. reported on a greater than 1-mJ PbWO,
Raman laser at 559 nm pumped by Q-switched frequency-doubled Nd:YAG laser at

532 nm [42]. Then, Jia et al. reported on a 1.67-W CW laser at 556 nm generated by

51



Ch4 Compact Efficient Intracavity Raman Laser with a Diffusion-Bonded Crystal

frequency-doubling 1112-nm diode-pumped Nd:YAG laser [43]. Réikkonen et al.
reported on a 55-mW yellow-green emission at 561 nm from frequency-doubling of a
1123-nm diode-pumped passively Q-switched Nd:YAG laser [44]. Hilbich et al.
reported on diode-pumped frequency-doubled optically pumped semiconductor lasers
comprising two higher than 100-mW CW yellow-green emissions at 554 and 565 nm
[45]. In addition, selectable-wavelength Q-switched Nd:YAG/KGW Raman laser with
intracavity SFG and SHG in angle-tuned BBO (B-BaB,O,) generated average power

of 0.77 W at 559 nm presented by Pask et al.. [46].

Recently, Nd:YVO,4 and Nd:GdVOy crystals have been identified as excellent
laser gain media as well as SRS gain media for diode-pumped all-solid-state lasers [47,
48]. Quite recently, the x*-nonlinear generation effects in tetragonal LuVO,
vanadates has been discovered [47, 48]. The realization of Nd:YVOy4, Nd:GdVO,, and
Nd:LuVO; self-Raman lasers have been demonstrated [1, 14, 25, 36, 49-50]. In this
work we employ a self-Raman Nd:YVOy laser to develop an efficient yellow-green
laser at 559 nm based on intracavity sum-frequency-mixing of the 1064-nm
fundamental wave and the 1176-nm first-Stokes component. With an input pump
power of 17.5 W, the maximum average power at 559 nm is 1.67 W and the residual
average power at 1176 nm is 0.53 W at a pulse repetition rate of 100 kHz,
corresponding to conversion efficiency of 9.5% and 3%, respectively. To the best of
our knowledge, it is the highest power at 559 nm obtained with intracavity SFG in a

self-Raman laser.
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4.3.1 Experimental Setup

The experimental setup of a diode-end-pumped actively Q-switched Nd:YVOg4
self-Raman laser with intracavity SFG is shown in Fig. 4-7. The pump source is an
808-nm fiber-coupler laser diode with a core diameter of 600 um, a numerical
aperture of 0.16 and a maximum power of 18 W. The pump beam is focused at the
active medium, and the waist radius is approximately 250 pm. An a-cut 20-mm-long
composite 0.3-at.% Nd**-doped Nd:YVOy, crystal bounded with a 2-mm-long and an
8-mm-long undoped YVO,ends at its pumped facet and the other facet, respectively,
is simultaneously used as a laser crystal and a self-Raman medium. With a
fundamental pump wavelength of 1064 nm, the wavelength of the first-Stokes
emission in accordance with the YVQ, Stokes shift at 890 ¢m™ is calculated to be
around 1176 nm [23]. Both sides of the laser crystal is coated for antireflection at
1000-1200 nm (R<0.2%). The laser cavity is designed for the sum-frequency mixing
of the fundamental wave and the first-Stokes laser. The 10-mm-long type- I BBO
crystal with a phase-matching cutting angle (6 =22.1° and ¢ =0°) is used as a
sum-frequency mixer. Besides, the composite Nd:YVO, and BBO crystals are both
wrapped with indium foil and mounted in water-cooled copper blocks. The water
temperature is maintained at 20°C. The front mirror MI is a 500-mm
radius-of-curvature concave mirror with antireflection coating at 808 nm on the
entrance face (R<0.2%), high-transmission coating at 808 nm (T>90%), and
high-reflection coating at 1000-1200 nm on the other face (R>99.8%). The

30-mm-long acousto-optic Q-switcher (NEOS Technologies) has antireflectance
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coatings at 1064 nm on both faces and is driven at a 27.12-MHz center frequency with
15.0 W of rf power. The flat intracavity mirror M2 has high-transmission coating at
1064 nm and 1176 nm (T>95%) as well as high-reflection coating at 559 nm
(R>99.7%). The output coupler M3 is a flat mirror with high-reflection coating at
1064 nm (R>99.8%), partial-reflection coating at 1176 nm (R=98.1%), and
high-transmission coating at 559 nm (T>85%). The overall laser cavity length is

around 113 mm.
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Fig. 4-7. Experimental setup of a diode-end-pumped actively Q-switched Nd:YVO,/BBO laser with

intracavity self-Raman frequency conversion and sum-frequency generation.

4.3.2 Experimental Results and Discussions

Since it has been verified that the enhancement of Raman gain is attributed from
the significant reduced thermal effects and the increase of the Raman interaction
length in a double-end diffusion-bonded Nd:YVOy crystal [51], we use a double-end
diffusion-bonded Nd:YVOy crystal as a self-Raman gain medium in this work. The
two two-mirror cavities are set up. The first two-mirror cavity with a output coupler

having partial-reflection coating at 1064 nm (R=85%) is used to set up a Q-switched
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Nd:YVO; laser at 1064 nm. With an input pump power of 17.5 W, average power of
8.7 W at 1064 nm is obtained at a pulse repetition rate of 100 kHz. The second
two-mirror cavity with a output coupler having high-reflection coating at the 1064 nm
and partial reflection coating at the first-Stokes component of 1176 nm (R=56%) is
used for the Q-switched Nd:YVO;, self-Raman laser at 1176 nm. The laser cavity
length is 7 cm and the pumping threshold for the Raman laser is 2.7 W to 3.5 W at the
pulse repetition rates of 80 kHz to 120 kHz. With an input pump power of 12.1 W, the
average output power of 3 W and the peak power of 7.6 kW at 1176 nm are achieved
at a pulse repetition rate of 100 kHz, corresponding to a high conversion efficiency of
24.8%. The average power at 1176 nm and conversion efficiency are 2 times and 1.8
times that of the Nd:YVO, self-Raman laser with a conventional Nd:YVO;, crystal

without undoped endcaps, respectively [1].

After confirming the performance of the Q-switched Raman laser at 1176 nm,
the laser cavity is designed for sum-frequency mixing of the fundamental wave and
the first-Stokes component. The BBO crystal, the intracavity mirror M2, and the
output coupler M3 are inserted in the laser cavity. The cavity alignment and the tilt of
BBO crystal must be regulated to optimize the laser performance. As a result of the
high-reflection coating at SFG wavelength on mirror M2, the present linear
three-mirror-cavity takes the advantages of reduced loss of SFG emission transmitting
through the front mirror M1 as well as reduced absorption of SFG emission in the
Nd:YVO4 which lowers the thermal load in the Nd:YVO4 compared to the linear
two-mirror-cavity [39]. Additionally, the present laser configuration is more compact

than the three-mirror folded cavity. Note that the present output coupler M3 is
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non-optimal for SFG emission. Therefore, a higher output power at SFG wavelength
can be obtained with the optimum output coupler having high-reflection coating at
1176 nm. The spectrum of laser output is measured by an optical spectrum analyzer
(Advantest Q8381A) employing a diffraction lattice monochromator with a resolution
of 0.1 nm. The experimental optical spectrum of the laser output is shown in Fig. 4-8,
and it can be seen that the main laser output is the yellow-green laser at 559 nm from
sum-frequency-mixing of 1176 and 1064 nm. The pumping threshold for oscillation at
559 nm is around 4.3 W to 6 W for the pulse repetition rates of 80 kHz to 120 kHz.
The residual laser output is the first-Stokes laser at 1176 nm. The intensity of the
fundamental wave at 1064 nm is weak and hard to measure due to the high-reflection

coating at 1064 nm on the output coupler.
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Fig. 4-8. Optical spectrum of the diode-end-pumped actively Q-switched Nd:YVO,/BBO laser.

Figure 4-9 shows the total average power as well as individual average power at

Stokes wavelength of 1176 nm and SFG wavelength of 559 nm with respect to the
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input pump power at a pulse repetition rate of 100 kHz. The M? beam quality factor is
found to be less than 2.0 for all pump powers. The average power at 1176 nm is
saturated at around 0.55 W with an input pump power above 12 W. With an input
pump power of 12.9 W, the average power of 0.56 W at 1176 nm is obtained,
corresponding to a conversion efficiency of 4.3%. However, increasing input pump
power to higher than 12 W is beneficial for enhancing SFG average power. While the
input pump power is increased to 17.5 W, the average power at 559 nm is up to 1.67
W corresponding to a conversion efficiency of 9.5%. The higher average output at
559 nm and the lower average output power at 1176 nm would be obtained if an
output coupler with high-reflection coating at both 1064 and 1176 nm (R>99.8%) was

used.
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O total output power
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Fig. 4-9. The total average output power as well as individual average output power at 559 and 1176

nm with respect to the input pump power at a pulse repetition rate of 100 kHz.
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Fundamental (1064 nm) 10 ps/div

Raman (1176 nm)
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Fig. 4-10. Typical oscilloscope traces of pulse trains at 1064, 1176, and 559 nm.

The temporal traces for the laser emission comprising the fundamental, Raman,
and SFG pulses are recorded by a LeCroy digital oscilloscope (Wavepro 7100, 10
Gsamples/s, 1-GHz bandwidth) with two fast p-i-n photodiodes. The oscilloscope
trace of output pulse trains is shown in Fig. 4-10. It can be seen that the pulse-to-pulse
amplitude fluctuation is within +15%. Note that the vertical scales for the pulses at
1064, 1176, and 559 nm are separate arbitrary units. The pulse widths of 1176 and
559 nm are measured to be shorter than 55 and 10 ns over the entire operation,
respectively. As shown in Fig. 4-11, the pulse widths of 1176 and 559 nm pulses are
approximately 32 and 5.4 ns with an input pump power of 17.5 W at a pulse repetition
rate of 100 kHz, respectively. As shown in Fig. 4-11, the Raman pulse is generated
after SFG pulse. It is because that when the intracavity power density of the
fundamental pulse reaches the SRS threshold, the Raman and fundamental pulses are
simultaneously rapidly converted to SFG pulse. Therefore, there exists a longer time

shift of fundamental and Raman pulses than Raman laser without SFG. In summary,
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an efficient dual-wavelength Q-switched laser at 559 and 1176 nm based on
self-Raman and intracavity SFG is demonstrated by using a double-end
diffusion-bonded Nd:YVOy crystal and a BBO crystal. At a pulse repetition rate of
100 kHz, the main average output power of 1.67 W at 559 nm and the residual
average output power of 0.53 W at 1176 nm is generated with an input pump power of
17.5 W, corresponding to conversion efficiency of 9.5% and 3% and peak power of

3.1 and 0.17 kW, respectively. The total conversion efficiency of SRS and SFG is

12.5%.
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Fig. 4-11. Typical oscilloscope traces for output pulses at 1064, 1176, and 559 nm.
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4.4 Conclusion

A compact efficient high-power diode-pumped actively Q-switched self-Raman
laser at 1525 nm is demonstrated by employing a double-end diffusion-bonded
Nd:YVO; crystal. Experimental results reveal that the double-end composite crystal
can reduce the thermal effects to reach a higher critical pump power. More
importantly, the undoped part plays a critical role in lowering the lasing threshold at
high pulse repletion rates because of the increase of the Raman interaction length. At
the pulse repetition rate of 20 kHz, the maximum average output power with the
composite crystal is found to be nearly 40% higher than that with a conventional
Nd:YVO; crystal. The maximum average output power of 2.23 W at first-Stokes
wavelength of 1525 nm is generated at a pulse repetition rate of 40 kHz, and the pulse
width of Raman pulse is about 3.2 ns with an input pump power of 17.2 W. The
corresponding conversion efficiency and peak power are approximately 13% and 17.4

kW, respectively.

In addition, an efficient yellow-green laser at 559 nm with intracavity SFG in a
diode-pumped Q-switched Nd:YVOy self-Raman laser is demonstrated. We utilize a
double-bonded diffusion-bonded Nd:YVOy crystal as a self-Raman gain medium to
improve thermal lensing effect and enhance the Raman gain. With input pump power
of 17.5 W, the maximum average power at 559 nm is 1.67 W and the average power

at 1176 nm is 0.53 W at a pulse repetition rate of 100 kHz, corresponding to
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conversion efficiency of 9.5% and 3%, respectively. The peak power of 559 nm pulse

amounts to 3.1 kW.
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5.1 Power Scale-Up of the Diode-Pumped Actively
Q-Switched Nd:YVO, Raman Laser with a YVO, Crystal as

a Raman Shifter

In the past few years, self-Raman lasers have been successfully demonstrated in
several Raman materials such as Nd:StWOy [1], Nd:KG(WO,); [2], Yb:KGd(WOy4),
[3], Nd:PbWO4 [4], Nd:YVOq4 [5], Nd:GdVOy4 [6], and Nd:GdxY 1 xVOs [7]. The laser
crystal simultaneously serving as a Raman crystal can provide the advantage of
compactness and simplicity for an intracavity SRS laser [8]. In 2004, Nd:YVO,
crystal is firstly used to demonstrate the laser emission at wavelengths of 1176 and
1525 nm based on self-SRS action in 1064- and 1342-nm actively Q-switched
Nd:YVOy laser, respectively [5, 9]. The issue of the field-induced crystal damage
usually restricted the output powers in self-Raman Q-switched lasers. In addition, the
optimization is hindered because the laser crystal simultaneously serves as a Raman
material. The optimum mode size in the self-Raman medium is subject to a
compromise between lowering the SRS threshold and avoiding optical damage
induced by self-focusing [6]. In this work, to our knowledge, we report a new design
of a diode-pumped actively Q-switched 1176-nm Nd:YVO4 Raman laser to increase
the average power, repetition rate, peak power, and damage threshold
comprehensively. An YVO, crystal is used as a Raman shifter in an actively

Q-switched laser.
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5.1.1 Experimental Setup

Figure 5-1 shows the experimental configuration for actively Q-switched
Nd:YVO,4 1176-nm Raman laser which differs from self-Raman laser. The pump
source is an 808-nm fiber-coupled laser diode with the core diameter of 800 um, the
numerical aperture of 0.16, and the maximum output power of 25 W. A focusing lens
unit with a 85% coupling efficiency is used to reimage the pump beam into the gain
medium with a pump spot radius of 400pum. The gain medium, a 9-mm-long a-cut
Nd:YVO; crystal with low concentrations, 0.25 at. %, is used to reduce thermally
induced fracture [5]. Both sides of this laser crystal ie coated for antireflection (AR) at
1.06 um (R<0.2%). The Raman crystal is a 9.6-mm-long a-cut YVO, crystal. These
two crystals are both wrapped with indium foil and mounted in water-cooled copper
blocks individually. The 30-mm-long acousto-optic (AO) Q switch (NEOS
Technologies) has AR coating at 1064 nm on both faces and is driven at a 27.12-MHz
center frequency by 15 W of RF power. The resonator is a plano-concave
configuration. Front mirror, a 500-mm radius-of-curvature concave mirror, is coated
with AR coating at 808 nm (R<0.2%) on the entrance face, and with high-reflection
(HR) coating at 1064 nm (R>99.8%) and high-transmission (HT) coating at 808 nm
(T>90%) on the other face. The coating of front mirror at 1176 nm is also
high-reflection. The output coupler (OC) is a flat mirror with HR coating at 1064 nm
(R>99.8%) and partial-reflection (PR) coating at 1176 nm (R=51%). The cavity
length is around 115 mm and depends on pumping power. The spectrum of laser

output is monitored by an optical spectrum analyzer (Advantest Q8381A, including a
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diffraction lattice monochromator) with a resolution of 0.1 nm. The temporal
behaviors for fundamental and Raman pulses are 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.

AO o.C
Q-switch YVO,
! ! _ [ p— output
fiber coupled focusing = Nd: YVO,
laser diode lens unit I T
HR@1064nm(R>99.8%)
HR@1050-1200nm(R>99.8%) PR@1176nm (R=51%)
HT@808nm(T>90%)

Fig. 5-1. Experimental setup of a diode-pumped actively Q-switched Nd:YVO, Raman laser at 1176

nm with an YVO, crystal as a Raman shifter.

5.1.2 Experimental Results and Discussions

As a stimulated Raman material, taking the place of Nd:YVO,; by YVO, has
advantages on robustness and output properties. Figure 5-2 displays the experimental
result for optical spectrum of the laser output and Raman scattering spectrum of the
YVO,. The first Stokes wavelength near 1176 nm is converted from the fundamental
wavelength near 1064 nm by Raman peak at 890 cm™. The Raman shift of Nd:YVO,
and YVO, are almost the same, came from the same periodic YVO, lattice. But
crystals without dopant has more perfect lattice, which bring on higher damage
threshold and more stable frequency conversion. So, we can use the pure YVOy as a

Raman crystal in the position where the intensity is highest in the cavity, and still
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increase the pumping power. Further, the reflectance of OC can be lower (from 93%
to 51%) to scale up average output power due to lower lasing threshold at Raman
wavelength. By using lower reflection coating we can narrow the pulse width. At the
same time, when we over drive pump current during the experiment, the damage
never happened in Nd:YVO,, but in Raman crystal. That means that the SRS is
generated mainly in pure YVO4, a more reliable and replaceable component in

practical laser.
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Fig. 5-2. Optical spectrum of the actively Q-switched Raman output. The Raman scattering spectrum of

an YVO, crystal showed in inset, which is almost the same as it of Nd:YVOj crystal.

Figure 5-3 and Fig. 5-4 illustrate the output performance of actively Q-switched
1176-nm Nd:YVO4 Raman laser. The average output power at the Stokes wavelength
of 1176 nm with respect to the incident pump power for various pulse repetition rate
of 20, 40, 60, and 80 kHz shown in Figure 5-3. Because the thermal loading of the
end-pumped Q-switched Nd-doped laser increases with decreasing repetition rate [10,

11], it can be seen that although the pumping threshold is higher, increasing the pulse
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repetition rate can efficiently increase the maximum average output power at 1176 nm
and its maximum pump power (P max). And for a certain repetition rate, to pump over
Py, max Will get the unstable Raman conversion and fall the output power. The average
output power is up to 2.61 W with an incident pump power of 18.7 W at a repetition
rate of 80 kHz, corresponding to the conversion efficiency of 14% and slope
efficiency of 40%. Comparing to results of 1176-nm self-Raman laser using Nd:YVOg,
with lower dopant concentration of 0.2 at.% [5], this Raman laser still has the increase
of ratio in average power of 74% and in conversion efficiency of 0.7%. It could be
better if we were able to use 0.2 at.% Nd:YVO, and correctly AR-coated c-cut [12]
YVO; in this Raman laser. On the other hand, the maximum pulse energy is generally
greater then 40 pJ at repetition rate from 20 to 60 kHz, and up to 43.5 pJ at 40 kHz
with an incident pump power of 12.7 W. The maximum pulse energy at repetition rate

of 80 kHz is 32.6 pJ.
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Fig. 5-3. The average output power at the Stokes wavelength of 1176 nm with respect to the incident

pump power at different pulse repetition rate from 20 kHz to 80 kHz.
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The typical time traces for fundamental and Raman pulses are shown in Figure
5-4. The pulse width is always shorter then 5 ns, but the effective pulse width is much
shorter due to mode-locked shape. With the pulse energy of 43.5 uJ, the pulse width
of the pulse envelop in Figure 5-4 is 4.5 ns, and the peak power of the pulse seen as a
Gaussian shape should be 9.7 kW. However, after curve fitting for the mode-locked
shape, the peak power is enhanced to 14 kW, 1.45 times the 9.7 kW. In other words,
the effective pulse width is around 3.1 ns which is much shorter than 18 ns of
self-Raman laser [5]. Comparing to 1176-nm actively Q-switched Nd:YVOq
self-Raman laser of 4.2 kW [5], the output peak power is enhanced to be more than
two times. The present peak-power level is close to the results of the passively
Q-switched Nd:GdVO, self-Raman lasers in which the average power, pulse width
and peak power are found to be 83 mW, 500 ps, and 9.2 kW at 1174 nm [13], or 140

mW, 750 ps, and 8.4 kW at 1176 nm [14].
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Fig. 5-4. An oscilloscope trace with mode-locking effect for fundamental and Raman pulses.

68



Ch 5 Intracavity Raman Laser with a Vanadate Crystal

5.2 Efficient High-Peak-Power Diode-Pumped Actively

Q-Switched Nd:YAG/YVO, Intracavity Raman Laser

Neodymium-doped yttrium aluminum garnet and yttrium othovanadate (Nd:YAG
and Nd:YVO,) are the most widely used materials of solid-state laser gain medium
[10, 15]. The Nd:YVO; crystal has a strong broadband absorption and an effective
stimulated emission cross section which is five times larger than Nd:YAG [16]. These
properties imply that a Nd:YVOy laser usually has the higher efficiency and broader
operating temperature than a Nd:YAG laser. However, the Nd:YAG crystal has other
advantages such as better thermal property and much longer fluorescence lifetime. In
particular, the long lifetime can raise the output pulse energy of a fundamental
actively Q-switched laser and should be able to raise the output pulse energy of an
actively Q-switched Raman laser at the Stokes wavelength. This means that the
conversion efficiency of the intracavity SRS might be increased in a actively

Q-switched Nd:YAG solid-state laser.

In the section of 5.1, we have exhibited the actively Q-switched Nd:YVO,
Raman laser with a YVOy crystal. In this work, we report the high-pulse-energy and
high-peak-power intracavity YVO4 SRS generation in a compact diode-pumped

actively Q-switched Nd:YAG laser.
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5.2.1 Experimental Setup

Figure 5-5 depicts the experimental configuration for the diode-pumped actively
Q-switched Nd:YAG/YVO4 Raman laser. The cavity mirrors which have special
dichroic coating for efficient conversion at the first-Stokes wavelength 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 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.
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HT@808nm(T>90%)

Fig. 5-5. Experimental setup of a diode-pumped actively Q-switched Nd:YAG/YVO, Raman laser at

1176 nm.

The pump source is 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 an 85% coupling efficiency is used to re-image the pump
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beam into the laser crystal. The waist radius of the pump beam is approximately 400
pm. The laser medium is a 0.8-at.% Nd’*:YAG crystal with a length of 10 mm. Both
sides of this laser crystal are coated for antireflection (AR) at 1.06 um (R<0.2%). The
Raman crystal is an a-cut YVO, crystal with a length of 9.6 mm. These two crystals
are both wrapped with indium foil and mounted in water-cooled copper blocks
individually. The water temperature is maintained at 20 °C. The 30-mm-long
acousto-optic Q-switch (NEOS Technologies) has antireflection coatings at 1064 nm
on both faces and is driven at a 27.12 MHz center frequency with 15 W of RF power.
The overall laser cavity length is around 9 cm. The thermal detector (Coherent LM-10

HTD) is used to measure the average power of fundamental and Stokes output.

5.2.2 Experimental Results and Discussions

The actively Q-switched Nd:YAG laser performance at 1064 nm is firstly studied
for evaluating the conversion efficiency of the intracavity SRS. For this investigation,
an output coupler with partial reflection at 1064 nm is used instead of the
above-mentioned Raman cavity output coupler. The optimum reflectivity of the output
coupler is found to be approximately 80%. The pump threshold for 1064-nm
oscillation is below 2.5 W and insensitive to the pulse repetition rate. With an incident
pump power of 16.2 W, the average output powers at 1064 nm are 5.8-6.3 W for pulse

repetition rates in the range of 20-50 kHz.

In addition, 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.
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However, when the intracavity Raman laser is used, the relatively random polarization
may benefit the robustness of the Raman crystal compared to Nd:YVO4/YVO4 Raman
laser reported in the section 3-2 [17]. Therefore, our experimental results reveal that
the same Raman crystals can sustain higher peak power per unit area in Nd:YAG laser.
In other words, the maximum operating pump power becomes higher. The
experimental result for optical spectrum of the Raman laser is monitored by an optical
spectrum analyzer (Advantest Q8381A, including a diffraction grating
monochromator) with a resolution of 0.1 nm. The first Stokes wavelength of 1176 nm
is converted from the fundamental wavelength at 1064 nm by Raman shift at 890 cm™
from an YVOy crystal [9]. There is no second Stokes wavelength observed for all

pumping power.

Figure 5.6 illustrates the average output power at 1176 nm with respect to the
incident pump power for pulse repetition rates of 20, 30, and 50 kHz. For the Raman
operation with a fixed pulse repetition rate and a fixed cavity length, a critical pump
power or a maximum operating pump power exists. The thermal lensing effect will
cause the cavity to be unstable beyond the critical pump power. Reducing the pulse
repetition rate leads to a lower threshold for stimulated Raman output, but it leads to a
smaller critical pump power and a smaller maximum output power because of the
increased thermal loading of the end-pumped Q-switched Nd-doped laser [18].
However, the meaning behind the critical pump power may not be all the same as
normal actively Q-switched Nd-doped lasers. Compared with the fundamental
operation at 1064 nm, the much lower optical-to-optical conversion efficiency for

Raman operation may cause much higher thermal loading on the gain medium. The
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additional thermal lensing effect from SRS on a Raman crystal should also be
considered. Then, the SRS conversion efficiency could be sensitive to the cavity
stability, which will induce the drop in critical pump power. Moreover, the
self-focusing-induced damage on the YVO, crystal never occurs at low pulse

repetition rate while the pump power is overdriven.
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Fig. 5-6. Average output power at the Stokes wavelength of 1176 nm with respect to the incident pump

power at various pulse repetition rates of 20, 30, and 50 kHz.

Nevertheless, the efficient average output powers at 1176 nm are 1.6, 2.5, and 3.0
W at pulse repetition rates of 20, 30, and 50 kHz with the incident pump power of 7.6,
13.3, and 16.2 W, respectively. As a consequence, the maximum SRS conversion
efficiency of 62-47% with respect to the output power that is available from the
fundamental laser of 1064 nm is demonstrated at the pulse repetition rate of 20~50
kHz. Then, the maximum optical-to-optical conversion efficiency from 808-nm pump

are as high as 21.3~18.3% at the pulse repetition rate of 20~50 kHz. The overall
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conversion efficiency is the second-highest one for Raman lasers until now to our
knowledge [19, 20]. The efficiency could be improved if we can use a c-cut YVOq
crystal [12] with properly antireflection coating and an optimized output coupler.
From the average output power and the pulse repetition rate, the pulse energy E, at
1176 nm with respect to the incident pump power is depicted in Fig. 5-7. The
maximum pulse energies Emax at pulse repetition rates of 20 and 30 kHz are both
higher than 83 pJ. The Emax of this Nd:YAG/YVO4 Raman laser is almost two times
the Emax of the Nd:YVO4/YVO, Raman laser in almost the same actively Q-switched

scheme reported in the section of 3-2 [17].
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Fig. 5-7. Pulse energy at 1176 nm with respect to the incident pump power at various pulse repetition

rates of 20, 30, and 50 kHz.

The temporal behaviors were recorded by a LeCroy digital oscilloscope (Wavepro
7100, 10 GS/s, 1-GHz bandwidth) with two fast InGaAs p-i-n photodiodes. An

interference filter allowing transmission only at 1064 nm is used for extracting weak
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fundamental signal. Figures 5-8 shows the pulse shape for the fundamental and
Raman components. With a pulse energy of 81.2 uJ at 1176 nm, the pulse width of the
pulse envelope in Fig. 5-8 is 2.2 ns, and the peak power of the pulse seen as a
Gaussian shape without oscillation should be 36.9 kW. However, the observed
mode-locked phenomenon causes the Raman pulse to assume a deeply modulated
shape, and peak power Ppeak cannot be approximated as the E, divided by the envelope

width same as Nd:YVO4/YVO,4 Raman laser [17]. We have to employ the temporal

shape of a single pulse in arbitrary unit, y(t), to determine the correct Ppeak. Note

that the screen shots and numerical data of y/(t) are simultaneously recorded in the
oscilloscope so that we could use the numerical data for calculation, which can be

expressed as Ppeak =C-y,. (1), where the W (D) indicates the peak value of y(t).
Factor C is determined by the fact that E, :c.j w(t)dt, where T indicates the
T

temporal range of the single pulse. Consequently, the peak power of the Raman pulse

in Fig. 5-8 is 43.5 kW.

5 ns/div

‘j” e Fundamental (1064 nm)

—>|||lj+«— 2.2 ns

Raman (1176 nm)

Fig. 5-8. Oscilloscope trace with mode-locking effect for fundamental and Raman pulses. The figure is

recorded with an incident pump power of 7.6 W at a pulse repetition rate of 20 kHz.
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Fig. 5-9. Evolvement of pulse shapes dependent on pump power at a pulse repetition rate of 50 kHz.
With incident pump power of 8.6 W, 12.3 W, and 14.8 W, the peak power is (a) 560 W, (b) 13.1 kW,

and (c) 15.5 kW.

It can also be observed that the pulse shape and modulated oscillation depth are
varied with increased pump power. For example, Fig. 5-9 depicts the typical
evolvement of pulse shapes that are dependent on pump power at 50 kHz. Note that
the vertical axes of the pulses are separate arbitrary units. With a pump power of 8.6
W, which is near the threshold of SRS, the envelope width of 7.1 ns and deep
mode-locked oscillation are showed in Fig. 5-9 (a). Although the pump power is
increased to 12.3 W, the envelope width is narrowed to a minimum of 3.1 ns with a
Ppeak of 13.1 kW as shown in Fig. 5-9 (b). Meanwhile, the mode-locked oscillation

depth decreased when the pump power is increased from the threshold to the 12.3 W.
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Then the pulse envelope broadened slightly after the pump power of 12.3W, but the
mode-locking effect is enhanced. With a pump power of 14.8 W, the pulse is observed
with an almost saturated Ppeak of 15.5 kW as showed in Fig. 5-9 (c). Finally, the
pulse-to-pulse amplitude fluctuation of the Raman output is monitored to be

approximately less than £10%.

The temporal behavior and real Ppeak appear to be available. In fact, with further
observation, the FWHM of each mode-locked pulse inside the envelope is 500~600 ps.
Narrow mode-locked pulses might be restricted by the 1-GHz bandwidth of the
oscilloscope and photo detectors. The restriction is easy to be overlook during the
experiment. In other words, the Ppeak could be much higher than what we calculated in
our research and in Ref. [17]. However, a conventional autocorrelator for short-pulse
measurement of a stable cw mode-locked laser can not provide reliable measurement
results for Q-switched mode-locked laser. We estimate that the real-time oscilloscope
and photodetectors with an 8~10-GHz bandwidth are required for sure tracing on the
time domain. Nevertheless, the high-speed optoelectronic equipment is still being fine
tuned and is not yet available for general use. It will be interesting to study the
mechanism and behavior of the compact mode-locked actively Q-switched intracavity

Raman lasers by use of YVOy crystals.

Compared with the results from the Nd:YVO4/YVO4 Raman laser in almost the
same actively Q-switched scheme, the Nd:YAG/YVO; Raman laser raises the

maximum output pulse energy from 43 to 83 pJ and the peak power from 14 kW to

43.5 kW [17].
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5.3 Conclusion

In conclusion, with a YVOj crystal as a stimulated Raman crystal in a 1064-nm
actively Q-switched Nd:YVOy laser, the maximum operating pump power, repetition
rate, average output power, pulse width, and the peak power at the Stokes wavelength
of 1176 nm are substantially improved as listed in table 3-1. With an incident pump
power of 18.7 W, the average power is 2.61 W at 80 kHz corresponding to the
conversion efficiency of 13.9%. The output pulses noticeably display mode-locking
phenomena that lead to the maximum peak power to be higher than 10.5 kW at 1176
nm operated at the pulse repetition rate from 20 to 80 kHz. With an incident pump
power of 12.7 W, the pulse energy and peak power is higher than 43.5 pJ and 14 kW

at 40 kHz.

In addition, it is experimentally demonstrated that the maximum operating pump
power and conversion efficiency can be further improved simultaneously by use of a
similar Raman laser cavity with another gain medium, Nd:YAG, as listed in table 3-1.
3-W average output power of the efficient diode-pumped actively Q-switched
Nd:YAG/YVOy intracavity Raman laser at 1176 nm is generated at a pulse repetition
rate of 50 kHz. The maximum conversion efficiency is up to 21.3-18.3% at a pulse
repetition rate of 20-50 kHz. The maximum pulse energy is higher than 83 uJ at both
20 kHz and 30 kHz. The output pulses display mode-locking phenomena that result in

a maximum peak power of 43.5 kW.
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Pulse Input Average | Conversion | Pulse | Pulse | Peak
repetition | pump output efficiency energy | width | power
rate (kHz) | power (W) | power (W) | (%) (1d) (ns) | (kw)
Nd:YVO, self- 20 10.8 15 13.9 75 18 4.2
Raman laser
Nd:YVO, /YVO, 80 18.7 2.6 13.9 325 5 9
Raman laser 40 12.7 1.7 13.7 43.5 4.5 14
Nd:YAG/YVO, 50 16.2 3 18.5 60 35 17.1
Raman laser 30 13.3 2.5 18.8 83.3 3 | 278
20 7.6 1.6 21.3 81 2.2 43.5

Table. 5-1. Comparison of laser performance between Nd:YVO, self-Raman laser, Nd:YVO,/YVOy,,

and Nd:YAG/YVO, Raman lasers at 1176 nm.
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6.1. Introduction

Raman lasers which are based on intracavity stimulated Raman scattering (SRS)
in Raman active crystals have a very promising potential for various applications such
as pollution detection, remote sensing, and medical system [1-3]. Recently, potassium
titanyl phosphate (KTP) and rubidium titanyl phosphate (RTP) which are widely
recognized as prominent nonlinear optical crystals involving nonlinear optical
susceptibility y'* have been experimentally confirmed to be practical SRS converter
devices [4-6]. The low value of the KTP-related Stokes shift (270 cm™) [7] permits
generation of multi-frequency radiation with cascade SRS. Nowadays, simultaneous
multi-frequency lasing lines with high peak powers in the room temperature is of
practical importance for the terahertz (THz) generation with the nonlinear optical

difference frequency method [8-10].

Neodymium-doped single vanadate crystals including Nd:YVO4 and Nd:GdVOy4
have been identified as excellent laser materials for diode-pumped solid-state lasers
because of their large absorption and large emission cross sections [11-18]. In the
Q-switching operation, however, the large emission cross sections usually limit their
energy storage capacities. To overcome this hindrance, mixed Nd:Y(Gd;xVOs
crystals were recently developed with Y ions replacing some of the Gd ions in
Nd:GdVOy, single crystal [19-22]. It has been experimentally confirmed that such
mixed crystals are substantially superior to single crystals for Q-switching and

mode-locking performance because of their broader fluorescence linewidth [22-24].

81



Ch6 Intracacity Cascade Raman Laser with a KTP or KTA Crystal

6.2 Diode-Pumped Multi-Frequency Q-Switched Laser with

Intracavity Cascade Raman Emission in KTP Crystal

In this work, we present the first demonstration of a diode-pumped actively
Q-switched mixed Nd:Y3Gd7VO,4 laser with an intracavity KTP crystal to produce
cascade SRS emission up to the fourth order. With an incident pump power of 14 W,
the actively Q-switched intracavity Raman laser, operating at 50 kHz, produces an
average output power up to 0.92 W with a pulse energy of 18.4 J. The maximum peak

power is generally higher than 2 kW.

6.2.1 Experimental Setup

The schematic diagram for the experimental setup of a diode-pumped actively
Q-switched Nd:YxGd; \VO, laser with a KTP crystal as an intracavity SRS medium is
illustrated in Fig. 6-1. Spontaneous Raman spectral data on KTP crystal reveal that the
strongest Raman scattering was observed near 270 cm™ [7]. With a fundamental pump
wavelength of 1064 nm, the first four Stokes lines for the most intense Raman peak
can be calculated to be 1096, 1129, 1166, and 1204 nm, respectively. The flat front
mirror has antireflection coating (R<0.2%) at the diode wavelength on the entrance
face, high-reflection coating (R>99.5%) at the lasing and SRS wavelengths, and

high-transmission coating (T>90%) at the diode wavelength on the other surface. The
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flat output coupler has the reflectivities R=99.6% at 1064 nm, R=99.1% at 1096 nm,
R=86.3% at 1129 nm, R=48.0% at 1166 nm, and R=27.5% at 1204 nm. Note that the
present output coupler is selected, but not optimized, from the available mirrors in our
laboratory. Nevertheless, experimental results reveal that cascade SRS operation

including the first four Stokes components can be obtained.

Laser diode

Front mirror
AO Q-switch Output coupler
/

KTP |_|
) L ] L [ | >
Nd:Gd, ,Y,,VO, I_l

Coupling lens /
R=99.6% at 1064 nm
R=99.1% at 1096 nm
R>99.5% at 1060-1200 nm R=8E 3% at 1129 nm
T=85% at 808 nm R=48.0% at 1166 nm
R=27.5% at 1204 nm

Fig. 6-1. Experimental setup of a diode-pumped actively Q-switched Nd:Y3Gd,;VO, laser with a

KTP crystal as an intracavity SRS medium.

The pump source is an 808-nm fiber-coupled laser diode (Coherent Inc.) with a
core diameter of 0.8 mm, a numerical aperture of 0.16, and a maximum output power
of 16 W. A focusing lens with a 12.5-mm focal length and 85% coupling efficiency is
used to reimage the pump beam into the laser crystal. The average radius of the pump
beam is near 0.35 mm. The active laser medium is a 0.2-at.% Nd:Y3Gd7VOy crystal
with a length of 10 mm. The Raman medium is a 20-mm-long KTP crystal with a

cutting angle along the x axis (6=90° and ¢=0°). Both sides of the Nd:Y(3Gdy;VOy,4
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and KTP crystals are coated for antireflection at 1000-1200 nm (R<0.2%). In
addition, they are wrapped with indium foil and mounted in a water-cooled copper
block. The water temperature is maintained at 20 °C. The 30-mm-long acousto-optic
Q-switch device (NEOS Model 33027-15-2-1) had antireflection coating at 1064 nm

on both faces and is driven at a 27.12-MHz center frequency with 15.0 W of rf power.

The present cavity is a flat—flat resonator that is stabilized by the thermally
induced lens in the laser crystal. This concept was found nearly simultaneously by
Zayhowski and Mooradian [25] and by Dixon et al [26]. A linear flat—flat cavity is an
attractive design because it reduces complexity and makes the system compact and
rugged. However, the end-pump-induced thermal lens is not a perfect lens, but is
rather a lens with aberration. It has been found that the thermally induced diffraction
loss is a rapidly increasing function of the mode-to-pump ratio at a given pump power.
When the incident pump power is greater than 5 W, the optimum mode-to-pump ratio
is found to be in the range of 0.8-1.0 [27]. Since the laser rod is very close to the front

mirror, the laser mode size in the gain medium can be given by [28]

w0, = A (L 1) 174 (6-1)
7 (I_L/fth)

where f;; is the effective focal length of the thermal lens,

L= Lcuv +1 (l/n _1) +ZKTP (1/nKTP _1) +ZQ (l/nQ _1) (6_2)

is the effective cavity length, L., is the cavity length, / is the length of the gain

medium, 7 is the refractive index of the gain medium, /ktp is the length of the KTP
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crystal, ngtp is the KTP refractive index for the output laser beam, /o is the length of
the Q-switched crystal, and ny is the refractive index of the Q-switched crystal for the
output laser beam. The effective focal length for an end-pumped laser rod can be

approximately expressed as

f,=Ca /P, (6-3)

where @, is the pump size in the unit of mm, P;, is the incident pump power in the
unit of watt (W), and C is a proportional constant in the unit of W/mm. The effective
focal length at a given pump power can be experimentally estimated from the longest
cavity length with which a flat-flat cavity can sustain stable. Therefore, we perform
the laser experiments to obtain the critical cavity lengths for different pump powers at
a fixed pump size. We use Eq. (6-3) to fit the experimental results and find the

constant C to be approximately 1.7x10* W/mm.
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Fig. 6-2. Dependence of the mode-to-pump size ratio on the incident pump power for several cavity

lengths .
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The dependence of the mode-to-pump size ratio on the pump power for the
present cavity is calculated by using Egs. (6-1)-(6-3) and the following parameters:
C=1.7x10* W/mm, @, =0.35 mm, [,;=30 mm, ng=1.5, I=10 mm, n=2.16, nxrp=1.75,
and /xtp=20 mm. The calculated results for several cavity lengths are shown in Fig.
6-2. It is clear that the mode-to-pump size ratio is around 0.8 at L.,,=130 mm for the
pump powers in the range of 5~15 W, leading to a good compromise between
overlapping efficiency and thermal effect. As a consequence, we arrange the cavity

length to be 130 mm.

6.2.2 Experimental Results and Discussions

Figure 6-3 depicts the average output powers with respect to the incident pump
power at the 50-kHz Q-switching operation for the setup shown in Fig. 6-1. The
threshold powers for the first Stokes mode is 4.5 W. The first Stokes output at 1096
nm increases with the pump power until the second Stokes threshold of 6.2 W is
reached, and it is then clamped at a level of 50 mW. When the pump power is
increased to approximately 8.2 W, the third Stokes radiation at 1166 nm start to be
emitted and the second Stokes emission is almost saturated at a power of 0.6 W. The
slope efficiency of the second Stokes at 1129 nm with respect to the pump power
from 6.2 W to 8.2 W is approximately 30%. At pump power higher than the fourth
Stokes threshold of 10.5 W, the total output power is nearly clamped at 0.92 W. The
maximum output powers at 1096 nm, 1129 nm, 1166 nm, and 1204 nm are
approximately 0.05 W, 0.61 W, 0.25 W, and 0.11 W, respectively. Note that the

present output coupler is not optimized for the overall conversion efficiency.
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Therefore, it is possible to obtain a higher output power with the optimum output
coupler. On the other hand, the optimum conversion efficiency for the specific Stokes
component can be obtained by optimizing the output coupler with high reflection for
the lower order Stokes modes and high transmission for the next order Stokes mode.
Furthermore, no damage to the KTP crystal is observed over several hours of

operation, and the laser performance is reproducible on a day-to-day basis.

1000 T r T T T

100 F

10F
1st Stokes 4th Stokes

Average output power (mW)

Incident pump power (W)

Fig. 6-3. Dependence of the average output power on the incident pump power for Q-switching

operation at 50 kHz.

An optical spectrum analyzer (Advantest Q8381A) is used to measure the
spectral information of the laser output. The present spectrum analyzer employing a
diffraction lattice monochromator can be used for high-speed measurement of pulse
light with a resolution of 0.1 nm. Figure 6-4 shows the emission spectrum measured at
the output of the Raman laser for the pump power of 14.0 W. It can be seen that the

optical spectra include the main output of the different order Stokes lines as well as
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the residual outputs of the fundamental wave at 1064 nm. The frequency shift
between the Stokes and the laser lines is in good agreement with the asymmetric

bending mode of a distorted TiO4 octahedron 270 cm [7].
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Fig. 6-4. Emission spectrum measured at the output of the Raman laser for the pump power of 14 W.

The temporal behavior of the output pulse is recorded by a LeCroy digital
oscilloscope (Wavepro 7100, 1-GHz bandwidth, 10 G samples/sec) with two InGaAs
p-i-n photodiodes for measuring the output pulses at fundamental and SRS emissions,
respectively. The temporal characteristics of the fundamental pulse and Raman pulses
are depicted in Figs. 6-5(a)-(d) for four different pump powers of 5.0 W, 7.0 W, 9.0
W and 11.0 W. It can be seen that when the intracavity power density at the
fundamental wavelength reaches the SRS threshold, the fundamental pulse is rapidly

converted the Stokes output. Although the channel numbers of the oscilloscope are
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not sufficient to separate the temporal profiles of each Stokes orders, the experimental
results in Figs. 6-5(a)-(d) apparently reveal that various order Stokes pulses are
generated step by step with increasing the pump power. Furthermore, the Q-switched
pulse envelope displays clear modulated pulses. The separation of the modulated
pulses was found to be 0.86 ns, which matched exactly with the cavity roundtrip time.
Therefore, the modulated pulses can be confirmed to come from the
longitudinal-mode beating. The estimated energy of the highest pulse inside envelope

was found to be close to 18.4 nJ and the maximum peak power was greater than 2

kW.
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Fig. 6-5. Temporal characteristics of the fundamental pulse and Raman pulses (a) 5 W, (b) 7 W, (¢) 9

W, (d) 14 W
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6.3 Pattern Formation of Diode-Pumped Multi-Frequency
Q-Switched Laser with Intracavity Cascade Raman

Emission in KTA Crystal [Future Work]

We find patterns like “cross” in diode-pumped actively Q-switched cascade
Nd:YAG/KTA Raman laser with a KTA crystal which simultaneously serves as
Raman, SHG, and three-wave mixing crystal. The experimental setup is similar to
Fig.6-1 with different laser and Raman media. The present laser medium is a 0.8-at.%
Nd:YAG crystal with a length of 10 mm. The Raman medium is a 20-mm-long KTA
crystal with a cutting angle along the x axis (6=90° and $=0°). Spontaneous Raman
spectral data on KTA crystal reveal that the strong Raman scattering is observed near
235 and 273cm™ as shown in Fig.2-4(C) with linewidths around 5.4 amd 4.7 cm’
summarized in table 2-4, respectively. With a fundamental pump wavelength of 1064
nm, the first two Stokes lines for the most intense Raman peak at 235 cm™ can be
calculated to be 1091 and 1120 nm and the second Stokes lines for the Raman peak at
273 ecm’™ can be calculated to be 1130 nm. With a pump wave of 1130 nm, the first
two Stokes lines can be calculated to be 1160 and 1192 nm for the most intense
Raman peak at 235 cm™. The flat output coupler has the reflectivities R=99.6% at
1064 nm, R=99.3% at 1091 nm, R=96.5% at 1120 nm, R=83.6% at 1130 nm, R=50%
at 1160 nm, and R=4.9% at 1192 nm. The multi-wavelength emission spectra in the
near-infrared and visible regions are shown in Fig. 6-6 and Fig.6-7. The wavelengths

of visible emission converted through SHG and SFG are summarized in table 6-1.
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Moreover, the interesting “cross” far-field patterns of green Raman emission are
observed as shown in Fig.6-8. The investigation of the pattern formation will be

carried out in the future work.
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Fig. 6-6. Optical spectrum of the multi-wavelength diode-pumped actively Q-switched cascade

Nd:YAG/KTA Raman laser in the near-infrared region with a fundamental wavelength of 1064 nm.
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Fig. 6-7. Optical spectrum of the multi-wavelength diode-pumped actively Q-switched cascade

Nd:YAG/KTA Raman laser in the visible region with a fundamental wavelength of 1064 nm.
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Infrared A (nm) | SHG (nm) Infrared A,, A, (nm) | SFG (nm)
1064 532 1064, 1091 539
1091 545 1091, 1120 553
1095 547 1091, 1130 555
1120 560 1120, 1130 562
1130 564

Table. 6-1. The green-emission generation of diode-pumped actively Q-switched -cascade

Nd:YAG/KTA Raman laser with a fundamental wavelength of 1064 nm.

Fig. 6-8. The far-field pattern of the diode-pumped actively Q-switched cascade Nd:YAG/KTA Raman

green emission with a fundamental wavelength of 1064 nm.
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In addition, the experimental setup is design for the fundamental laser at 1.3 pm.
For the most intense Raman peak at 235 cm™, the first three Stokes lines can be
calculated to be 1362, 1406, and 1454 nm with a fundamental wave of 1319 nm, and
the first three Stokes lines can be calculated to be 1382, 1429, and 1479 nm with a
fundamental wave of 1338 nm. The flat output coupler has the reflectivities R=99.6%
at 1319 nm, R=99.2% at 1338 nm, R=99.2% at 1362 nm, R=99.1% at 1382 nm,
R=98.7% at 1406 nm, R=97.3% at 1428 nm, R=71.2% at 1454 nm, R=51.3% at 1478
nm, and R=73.8% at 1505 nm. The multi-wavelength emission spectra in the
near-infrared, red, and blue emission are shown in Fig. 6-9, Fig.6-10 and Fig.6-11.
The wavelengths of red emission converted through SHG and SFG are summarized in
table 6-2. The blue emission spectrum converted through three-wave mixing is
summarized in table 6-3. Moreover, the interesting “cross” far-field patterns of red
and blue Raman emission are shown in Fig.6-12 and Fig.6-13, respectively. The
patterns of conical SHG and three-wave mixing are also observed and will be
discussed in section 7.1. The investigation of the pattern formation should also be

carried out in the future work.
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Fig. 6-9. Optical spectrum of the multi-wavelength diode-pumped actively Q-switched cascade
Nd:YAG/KTA Raman laser in the near-infrared region with fundamental wavelengths of 1319 and

1338 nm.
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Fig. 6-10. Optical spectrum of the multi-wavelength diode-pumped actively Q-switched cascade

Nd:YAG/KTA Raman laser at red wavelength with fundamental wavelengths of 1319 and 1338 nm.
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Fig. 6-11. Optical spectrum of the multi-wavelength diode-pumped actively Q-switched cascade
Nd:YAG/KTA Raman laser at the blue wavelength with fundamental wavelengths of 1319 and 1338

nm.

Infrared A (nm) | SHG (nm) Infrared A,, A, (hm) | SFG (nm)
1319 659 1319, 1338 664
1338 669 1338, 1362 675
1362 680 1362, 1382 685
1382 691 1382, 1406 697
1406 703 1406, 1429 708
1429 714
1454 727

Table. 6-2. The red-emission generation of diode-pumped actively Q-switched cascade Nd:YAG/KTA

Raman laser with fundamental wavelengths of 1319 and 1338 nm.
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Infrared A,, A, and A ;(nm)

1319, 1478, 1478

1338, 1454, 1478

1362, 1429, 1478

1362, 1454, 1454

1406, 1382, 1478

1454, 1382, 1429

1406, 1429, 1429

1406, 1406, 1454

Table. 6-3. The 473-nm blue-emission generation of diode-pumped actively Q-switched cascade

Nd:YAG/KTA Raman laser with fundamental wavelengths of 1319 and 1338 nm.

Fig. 6-12. The far-field patterns of the diode-pumped actively Q-switched cascade Nd:YAG/KTA

Raman red emission with fundamental wavelengths of 1319 and 1338 nm.
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Fig. 6-13. The far-field patterns of the diode-pumped actively Q-switched cascade Nd:YAG/KTA

Raman blue emission with fundamental wavelengths of 1319 and 1338 nm.
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6.4 Conclusion

We have developed a diode-pumped actively Q-switched mixed Nd:Y(3Gdo7VO4
laser with an intracavity KTP crystal to produce cascade SRS emission up to the
fourth order. With an incident pump power of 14 W and a repetition rate of 50 kHz,
the average output powers at 1096 nm, 1129 nm, 1166 nm, and 1204 nm are
approximately 0.05 W, 0.61 W, 0.25 W, and 0.11 W, respectively. The maximum peak
power is found to be higher than 2 kW. Moreover, there are interesting “cross”

transverse patterns of Raman emission with KTP or KTA as Raman crystal.
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Ch7 Pattern Formation of Conical Second Harmonic Generation

7.1 Conical Second Harmonic Generation

Second harmonic generation (SHG) is a widely used method of wavelength
conversion based on second-order nonlinear optics. In additional to developing
efficient frequency-doubled lasers with collinear SHG, there are interesting research
topics about noncollinear conical SHG [1-4]. It has been verified that the formation of
conical SHG is resulted from the random scattering and phase matching condition [4].
The coherent waves are randomly scattered while passing through a nonlinear crystal
with extended defects shown as Fig. 7-1. The phase-matching condition for the

conical SHG in a nonlinear crystal with disordered structure is generally written as

ke +kl =k, (7-1)

As shown in Fig. 7-2(a), where k, is the axial fundamental wave, ki is the
scattered off-axis fundamental wave, and /€2 is the phase-matched off-axis SHG
wave. The cone angles ¢ is determined by the effective refractive indices of nonlinear
crystal. The far-field pattern comprises the phase-matched off-axis SHG waves with

cone angles ¢ as shown in Fig. 7-2(b).
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Coherent ——
waves

Random
scattering

Fig. 7-1. The coherent waves are randomly scattered when passing through a nonlinear crystal with

extended defects.

(@) (b)

|

Near-Field Far-Field

N\ e

Fig. 7-2. (a) Phase-matching diagram for conical SHG process in which k, is the axial fundamental

beam, lgl' is the scattered off-axis fundamental beam, and /EZ is the phase-matched off-axis SHG

beam. (b) The formation of typical far-field pattern of conical SHG.
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7.2 Frequency-Doubled Q-Switched Nd:YVO, Self-Raman

Laser with Intracavity KTP as SHG Crystal [Future work]

The far-field patterns of conical SHG are observed in a diode-pumped actively
Q-switched Nd:YVO, self-Raman laser with intracavity SHG in a KTP crystal. The
experimental setup is shown in Fig.7-3. With a fundamental pump wavelength of
1064 nm, the first Stokes line for the most intense Raman peak at 890 cm™ can be
calculated to be 1176 nm. The flat output coupler has the high-reflection coating at
1064 nm (R>99.8%) and 1176 nm (R=98%), and partial-transmission coating at 588
nm (T=66.7%). Note that the present output coupler is selected but not optimized. The
present self-Raman laser medium is a 0.1-at.% Nd:Y VO, crystal with a length of 12
mm. The SHG medium is a 10-mm-long KTA crystal with a cutting angle (6=70.2°
and ¢=0°) to satisfy the type II SHG phase matching condition of the first Stokes line
at 1176 nm. The experimental optical spectra of laser output in the near-infrared and
visible regions are shown in Fig. 7-4 and Fig.7-5, respectively. The yellow-green light
at 559 nm is converted from sum-frequency-mixing of 1064 and 1176 nm. The
yellow-orange light at 588 nm is converted from frequency-doubling of 1176 nm.

The experimental visible far-field wave pattern of conical SHG is observed as
shown in Fig.7-6. The investigation of the pattern formation will be carried out in the

future.
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Fig. 7-3. Experimental setup of a diode-end-pumped actively Q-switched Nd:YVO, self-Raman laser

with intracavity SHG in the KTP crystal.
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Fig. 7-4. Optical spectrum of the diode-pumped actively Q-switched frequency-doubled Nd:YVO,/KTP

self-Raman laser in the near-infrared region.

103



Ch7 Pattern Formation of Conical Second Harmonic Generation

10 ) ) ) ) )
- 588 nm
2
S 10k J
=}
<
8
> 559 nm
@
s 1
9 10F E
£

532 nm
l 0 1 1 1 1
500 520 540 560 580 600 620

Wavelength (nm)

Fig. 7-5. Optical spectrum of the diode-pumped actively Q-switched frequency-doubled Nd:YVO,/KTP

self-Raman laser in the visible region.

Fig. 7-6. The experimental visible far-field wave pattern of the diode-pumped actively Q-switched

frequency-doubled Nd:YVO,/KTP self-Raman laser.
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7.3 Frequency-Doubled Q-Switched Nd:YAG Laser with

Intracavity GACOB as SHG Crystal

In 2006, Chen et al. originally develop an intracavity conical SHG scheme to
investigate the spatial structure of transverse two-dimentional (2D) disordered wave
functions with weak localization [4]. With a nonlinear crystal with extended defects as
a SHG medium in Q-switched laser, the conical SHG is efficiently generated. By
measuring near-field patterns of conical SHG, the disordered wave functions can be
explored. It has been confirmed that using conical SHG can serve as a diagnostic tool

for topographical characterization of crystals.

7.3.1 Experimental Setup

The experimental setup of a diode-pumped actively Q-switched Nd:YAG laser
with intracavity SHG in a GdCOB crystal is shown in Fig. 7-7. The laser crystal is a
10-mm-long 0.8-at.% Nd*":YAG crystal. The GdCOB crystal is cut for type I
frequency doubling in the XY planes (6=90°, ¢ =46°) with a length of 6 mm and a
cross section of 3 mm x 3 mm. Both sides of the Nd:YAG and GdCOB crystals are
coated for antireflection at 1064 nm (R<0.2%). In addition, both of the Nd:YAG and
GdCOB crystal are wrapped with indium foil and mounted in a water-cooled copper
block. The water temperature is maintained at 20°C. The pump source is an 808-nm
fiber-coupled laser diode with a core diameter of 1 mm and a maximum power of 10

W. The 30-mm-long acousto-optic Q-switch (NEOS Technologies) has
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antireflectance coatings at 1064 nm on both faces and is driven at a 27.12-MHz center
frequency with 15.0 W of rf power. The front mirror is a 500-mm radius-of-curvature
concave mirror with antireflection coating at 808 nm on the entrance face (R<0.2%),
high-transmission (HT) coating at 808 nm (T>90%), and high-reflection (HR) coating
at 1064 nm (R>99.8%) and 532 nm (R>99%) on the other face. The output coupler is
a flat mirror with high-reflection coating at 1064 nm (R>99.8%) and

high-transmission coating at 532 nm (T>85%).

Laser diode

Front mirror o.C.
AO /‘
Nd:YAG Q-switch GdCOB
o ] =
- — W -‘ |

Focusing

lens T T

HR@1060 & 532 nm (R>99.8%)  HR@1064 nm (R>99.8%)
HT@808 nm (T>90%) HT@532 nm (T>85%)

Fig. 7-7. Experimental setup of a diode-end-pumped actively Q-switched Nd:YAG laser with

intracavity SHG in the GACOB crystal.

7.3.2 Experimental Results and Discussions

The pulse repetition rate for the Q-switched pulses is fixed at 30 kHz. The lasing
thresholds for the axial and conical SHG beams are nearly the same and

approximately 2 W. The output powers of both axial and conical SHG are on the
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order of 1 mW with a pump power of 7 W. The experimental results reveal that the
cone angles of the far-field patterns are almost the same for all the transverse
positions of the GdCOB crystal as shown in Figs. 7-8. However, the near-field
patterns are found to be profoundly related to the topographical characterization of
the nonlinear crystal. Figures 7-9(a)-(c) show the three corresponding examples of the
experimental near-field wave patterns of conical SHG measured at different
transverse positions of the GACOB crystal. Note that the paraxial propagation and the
phase matching condition lead the present conical SHG to be a kind of 2D random
scattering process. It can be seen that the experimental near-field pattern of Fig. 7-9(a)
represents 2D disordered wave function with weak localization, that is, 2D chaotic
wave. Berry conjectured that the eigenstates of chaotic systems can be described by a
superposition of numerous plane waves with random amplitudes a, directions and

relative phases ¢, but constant wave number £ [5]:
w(F)=> a,-expli(k, 7 +4,)] (7-2)

The experimental near-field pattern of Fig. 7-9(c) represents zero-order quasi-Bessel

beam. The integral representation of Bessel function is expressed as

_ 1 (o i (krsin 6-n6)
J (k) =—— [Te do (7-3)

Now we consider zero-order Bessel function (n=0) and 6 is substituted for

%— o+ 6. The zero-order Bessel function can be expressed by

_ 1 27 ikrsin @ _ 1 27 ikr cos(a—0)
Jy(kr) ==~ [Te d9=—— [Te do (7-4)
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3-2-1012 3(deg.)) -3-2-101 2 3(deg.) -3-2-101 2 3(deg.)

Fig. 7-8. Three examples of the experimental far-field wave patterns measured at different transverse

positions of the GdACOB crystal.

Fig. 7-9. Three examples of the experimental near-field wave patterns corresponding to the far-field

wave patterns shown in Figs. 7-8(a)-(c), respectively.

108



Ch7 Pattern Formation of Conical Second Harmonic Generation

As the k,r-space diagram shown in Fig. 7-10, krcos(a—€) can be expressed by

kr cos(a — ) = kr(cosa cos @ +sin a sin 0)
(7-5)

—

=kxx+kyy=lz-r

Fig. 7-10. The k,7 -space diagram of plane wave

Therefore zero-order Bessel beam can be obtained from a superposition of numerous
plane waves with constant amplitude, phases, and wave number k, but different

directions.

>t (7-6)

i
27[ s=0

b g
Jo(kr)—g'[o e do =

From Egs. (7-2) and (7-6), it can be found that both chaotic and Bessel beams are
resulted from a superposition of numerous plane waves. The differences between

chaotic and Bessel beams are amplitudes and phases of superposed plane waves.

For paraxial approximation, the longitudinal wave number k. becomes much

greater than £, and £..
kz >> kx, ky (7_7)

For a single k., the transverse wave number &; can be approximately expressed by

k= =k =k k) (7-8)
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With the cone angle of the far-field patterns, the present near-field patterns are
associated with a superposition of plane waves with random directions and relative

phases ¢, but constant transverse wave number k=k; sing.

4 - =
n _ iker' _ i(kox'+hy,y'+k.z")
()= ae"" = 3 ae
k

k. ,k, .k

xoy iz

_ k2 ip(kyky)  i(kox'+k,y'")

=e Zak-e e : (7-9)
ky .k,
2

— eik:z' .[ a(@) . ei¢(9)e[kt [(cos&)x'+(sin6)y']d9
0
N ig;
— eik:z'z ai e eik,[(cos&,-)x'+(sin¢9,-)y'] — eikzz' . \P(x, y)

1

First we suppose that the amplitudes of plane waves are constant. The numerical
near-fields |‘P(x, y)|2 calculated with Eq. (7-9) are associated with a superposition of

monochromatic plane waves with random directions and random relative phases of (0
to 2m), (0 to 1.57), (0 to 1.2m), (0 to 1x), (0 to 0.57), and without relative phase shown
in Figs. 7-11 (a)-(f), respectively. With random relative phases between 0 to 2m, the
numerical near-field exhibits a network of quasilinear ridge structures like 2D chaotic
waves as shown in Fig. 7-11(a). With the same phases, the numerical near-field
exhibits zero-order Bessel beam as shown in Fig. 7-11(f). The numerical near-fields
with a range of random phases smaller than 2w exhibit symmetry-breaking Bessel

beam as shown in Figs. 7-11(b)-(e).
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Fig. 7-11. Numerical near-field patterns with random directions and random relative phases between (a)

0to2m (b)0Oto1.5m (c)0to1.2m,(d)0to1m,(e)0to0.5mx, and (f) without relative phase.
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In order to coincide with the experimental wave patterns, the wave function of
Eq. (7-9) is enveloped with Gaussian distribution. The modified wave function of

near-field is expressed as

—[(x=b)*+(y-d)*]

Y(ny)=e 7 W(xy) (7-10)

where the parameters b, d, and ¢ are constants. The numerical near-fields |‘P’(x, y)|2

calculated with Eq. (7-10) correspond to the experimental near-field patterns in Figs.

7-9(a)-(c) and are shown in Figs. 7-12(a)-(c), respetively.

Fig. 7-12. Numerical near-field patterns corresponding to the experimental near-field wave patterns
shown in Figs. 7-9 (a)-(c), respectively. The numerical patterns with random directions and random

relative phases between (a) 0 to 2 «, (b) 0 t0 0.9 w, and (¢) 0to 0.3 &

The numerical far-field wave functions can be obtained by “Fresnel Integrals”

imu®  im?

Y(x,y,t)= _H I ele? Y'(x,y,0)e” d¢ du dv
(7-11)

imu®  imv?

T i¢ i(kx+k,y-
=J.J. I e?e? a-éee"“"™" " dg du dv
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The numerical far-fields patterns calculated with Eq. (7-11) correspond to the
numerical near-field patterns in Figs. 7-12(a)-(c) and are shown in Figs. 7-13(a)-(c),

respetively.

Fig. 7-13. Numerical far-field patterns corresponding to the experimental far-field wave patterns
shown in Figs. 7-8(a)-(c), respectively. The numerical patterns with random directions and random

relative phases between (a) 0 to 2 t, (b) 0 to 0.9 7, and (¢) 0 to 0.3 .

In addition, the interference patterns of multi-quasi-Bessel beam are observed
and shown in Fig. 7-14. The corresponding numerical near-fields of multi-Bessel
beam are calculated with a superposition of multiple wave functions expressed as Eq.

(7-10) and are shown in Fig. 7-15.
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Fig. 7-14. Experimental near-field and far-field interference patterns of multi-quasi-Bessel beams.
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Fig. 7-15. Numerical near-field and far-field interference patterns of multi-Bessel beams corresponding

to the experimental patterns shown in Figs. 7-14(a)-(f), respectively.
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7.4 Frequency-Doubled Q-Switched Nd:YAG Laser with

Intracavity BBO as SHG Crystal [Future work]

We use the similar experimental setup of diode-pumped actively Q-switched
frequency-doubled Nd:YAG laser as shown in Fig. 7-7 with another intracavity SHG
crystal to explore the wave functions of conical SHG. The SHG crystal is an a-cut
BBO crystal with a length of 2 mm and a cross section of 3 mm x 3 mm. Figure
7-16(a)-(c) show the experimental near-field wave patterns measured at different
transverse positions of the BBO crystal. The corresponding experimental far-field
wave patterns are shown in Fig. 7-17. The investigations of the pattern formation will

be carried out.
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Fig. 7-16. Experimental near-field patterns measured at different transverse positions of the BBO

crystal.

(b)

6 4202 4 6(eg) 6420 2 4 6(deg) 6 42 0 2 4 6 (deg)

Fig. 7-17. Experimental far-field patterns corresponding to the experimental near-field patterns shown

in Figs. 7-16(a)-(c), respectively.
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7.5 Conclusion

The near-field patterns of conical SHG of a laser in random domain structures
can be used to explore the spatial structure of 2D disordered wave functions. First we
use a GACOB crystal with extended defects as a SHG crystal in Q-switched Nd:YAG
laser. The disordered wave functions of GdCOB crystal include chaotic waves,
qusi-Bessel beam, and symmetry-breaking quasi-Bessel beam. The numerical wave
functions are resulted from a superposition of a number of monochromatic plane
waves with different directions and relative phases. The numerical near-field and
far-field wave patterns agree well with the experimental wave patterns. In addition,
the pattern formations of both frequency-doubled Q-switched Nd:YAG/BBO laser and

frequency-doubled Q-switched Nd:YVO4/KTP self-Raman laser will be investigated.
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8.1 Summary

We have demonstrated wavelength-versatile diode-pumped solid-state intracavity
Raman lasers based on third-order nonlinear effect over a wide spectral range
including near-infrared and eye-safe wavelengths. By combining stimulated Raman
scattering (SRS) and second Harmonic generation (SHG) / sum-frequency generation,
the spectral coverage of solid-state Raman lasers can be extended to visible
wavelengths useful for a number of applications.

In our experiments, it is found that thermal lensing effect is a critical issue
exacerbating the performance of diode-pumped solid-state intracavity Raman laser.
We first study the comparison of thermal lensing effects between single-end and
doubled-end composite crystals by measuring the effective focal lengths of thermal
lens. It is verified that the thermal lensing effect in a composite Nd:YV Oy, crystal with
single 2.7-mm-long end can be sufficiently improved for the *F3,—1), transition.
However, using a composite Nd:YVO;, crystal with double 2.1-mm-long ends is a
great improvement over a composite Nd:YVOy crystal with single 2.7-mm-long end
for the 4F3/2—>4113/2 transition with higher quantum defect. After confirming the
efficient improvement of thermal lensing effect in a double-end composite crystal, we
design an original doubled-end composite crystal as a self-Raman gain medium to
improve thermal effect and enhance Raman gain. We first report on an efficient
Q-switched eye-safe self-Raman laser at 1525 nm with a double-end diffusion-bonded

Nd:YVOy crystal. With an input pump power of 17.2 W, average power of 2.23 W at
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the first-Stokes wavelength of 1525 nm is generated at a pulse repetition rate of 40
kHz, corresponding to a conversion efficiency of 13%. Therefore a diode-end-pumped
Raman laser with a double-end composite crystal as a self-Raman medium has
advantages of robustness, enhanced Raman gain, and high conversion efficiency.
Moreover, an efficient Q-switched dual-wavelength laser with self-frequency Raman
conversion in the original double-end composite Nd:YVO, and intracavity
sum-frequency generation in BBO is reported. With an input pump power of 17.5 W,
average power of 0.53 W at the first-Stokes 1176 nm and average power of 1.67 W at
the sum-frequency mixed 559 nm are simultaneously generated at a pulse repetition
rate of 100 kHz, corresponding to a total conversion efficiency of 12.5%.

However, the optimization of self-Raman laser is limited because the laser
crystal simultaneously serves as a Raman shifter. A YVO, crystal is employed to
achieve efficient stimulated Raman scattering conversion in a diode-pumped actively
Q-switched Nd:YVOy laser. The output performance of actively Q-switched 1176-nm
Nd:YVO,4 Raman laser including reliability, average output power, pulse repetition
rate, pulse width, and peak power are substantially improved. With an incident pump
power of 18.7 W, the average power is greater than 2.6 W at 80 kHz. The pulse width
of the pulse envelop is shorter then 5 ns with mode-locked modulation. With an
incident pump power of 12.7 W, the pulse energy and peak power is higher than 43 uJ
and 14 kW at 40 kHz. Moreover by using a similar laser cavity with another laser
crystal Nd:YAG with better thermal property and longer fluorescence lifetime, the
laser performance including critical pump power, average output power, conversion

efficiency, pulse energy, pulse width and peak power is improved. With an incident
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pump power of 16.2 W, an 1176-nm first-Stokes average output power of 3.0 W is
generated at a pulse repetition rate of 50 kHz, corresponding to a conversion
efficiency of 18.3%. The maximum conversion efficiency of 21.3% is found at 20kHz.
The maximum pulse energy is higher than 83 pJ at both 20 and 30 kHz. With an
incident pump power of 7.6 W, the underestimated peak power of 43.5 kW is
demonstrated at 20 kHz with mode locked modulation.

In addition, KTP and KTA crystals with low value of Stokes shift permit
generation of multi-frequency radiation with cascade SRS. A diode-pumped actively
Q-switched mixed Nd:Y(3Gdo;VO, laser with an intracavity KTP crystal is
developed to produce cascade SRS emission up to the fourth order. Besides, there are
“cross” patterns of the cascade SRS emission observed accidentally. With an incident
pump power of 14 W and a repetition rate of 50 kHz, the average output powers at the
first-, second-, third-, and fourth-Stokes modes are approximately 0.05 W, 0.61 W,
0.25 W, and 0.11 W, respectively. The maximum peak power is greater than 2 kW.
Moreover by using an intracavity KTA crystal in a diode-pumped actively Q-switched
Nd:YAG laser, both the cascade Raman emission and conical SHG are efficiently
generated. The “cross” far-field patterns of cascade SRS emission and “ring” far-field
patterns of conical SHG are observed. The pattern formation can be observed in a
laser with nonlinear wavelength conversion.

Furthermore, a diode-pumped actively Q-switched Nd:YAG laser with a
nonlinear crystal of GdACOB with extended defects is developed to efficiently generate
conical SHG that are a kind of two-dimension random scattering process. The

experimental near-field patterns in GdACOB exhibit chaotic waves, quasi-Bessel beams,
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and multi-quasi-Bessel beams. It is found that the numerical near-field wave functions
are resulted from a superposition of a number of monochromatic plane waves with
random directions and phases. It is interesting that chaotic waves can be connected
with Bessel beams by the numerical near-field wave functions. The experimental
near- and far-field wave patterns agree well with the numerical near- and far-field

wave patterns.
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8.2 Future Work

The investigation of pattern formation above-mentioned in the section 6.3, 7.2
and 7.4 will be carried out in the future. Moreover the spatial structure of wave
patterns in nonlinear crystal including GdCOB, KTP, KTA, and BBO crystals with
various cutting angles will be investigated by using an intracavity conical SHG
scheme. Moreover, the near-field and far-field wave pattern formations of Raman
emission will also be investigated.

For diode-end-pumped Raman laser, the self-focusing effect which would induce
optical damage is a critical issue for scaling up the power of intracavity Raman laser.
In our experiment, it is found that the average output power can be enhanced with
increasing the pulse repetition rate, but the Raman threshold will be increased.
Therefore side-pump diode laser with bigger laser beam waist can be used to increase

the average power of Raman laser.
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We present a compact efficient eye-safe intracavity optical parametric oscillator pumped by a passively
@-switched Nd:YAG laser in a shared cavity configuration. A signal pulse of 3.3 mdJ energy at a 1573 nm
wavelength with a peak power of 150 kW was achieved. The effective conversion efficiency with respective
to the optimized 1064 nm @-switched pulse energy was as high as 51%. © 2007 Optical Society of

America

OCIS codes: 140.3580, 140.5560.

1. Introduction

Compact nanosecond pulsed lasers operating with
emission at the eye-safe wavelength region (1.5-1.6 pm)
are of great interest for many applications such as
laser radar, active imaging, and remote sensing [1,2].
The methods for generating eye-safe lasers include
the solid-state lasers with Er**-doped or Cr*"-doped
media [3-6] and the Raman lasers pumped by Nd-
doped lasers [7-10]. Another promising approach
for high-peak-power eye-safe laser sources is based
on intracavity optical parametric oscillators (OPO)
[11-16]. The advent of high damage threshold non-
linear crystals and diode-pumped Nd-doped lasers
leads to a renaissance of interest in intracavity OPOs.
Recently we demonstrated a compact efficient eye-
safe OPO pumped by a diode-pumped passively
@-switched Nd:GVO, laser to produce peak powers at
1573 nm higher than 10 kW [17]. However, the ap-
plications for long-distance laser rangefinders re-
quire pulse energies in the millijoule range and peak
powers greater than 100 kW [2].

The conventional configurations for intracavity
OPO pumped by @-switched Nd-doped lasers [11-17]
are based on the coupled cavity configuration in
which there are separate resonators for the signal

0003-6935/07/173597-05$15.00/0
© 2007 Optical Society of America

and fundamental optical fields. However, the ampli-
tude stability of the signal outputs for the coupled
cavity configuration is severely dependent on the cav-
ity alignment because the resonator lengths and the
longitudinal-mode spacing are different for the pump
and signal beams. Recently it was confirmed [18] that
the shared cavity configuration in which the pump
and signal beams share the same resonator provides
a substantially superior amplitude stability in com-
parison with the coupled cavity configuration. There-
fore it is of practical interest to develop the eye-safe
intracavity OPO in the millijoule range with the
shared cavity configuration.

In this work we use a shared resonator configura-
tion to construct a compact intracavity OPO in the
millijoule range. A lens duct is designed to be an
efficient coupling lens for the diode-pumped passively
Q-switched Nd:YAG/Cr**:YAG laser. With the pas-
sively @-switched laser to pump the intracavity OPO,
3.3 mdJ pulses with 150 kW peak power at 1573 nm
are generated. The effective conversion efficiency
with respective to the optimized pulse energy form
the passively @-switched 1064 nm laser is up to 51%.

2. Experimental Setup of Intracavity Optical
Parametric Oscillator

The pump source is a quasi-cw high-power diode
stack (Coherent G-stack package, Santa Clara, Calif.,
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Fig. 1. Schematic of a lens duct in which r is the radius of the input
surface, L is the length of the duct, H, is the width of the input
surface, H, is the width of the output surface, and Hj is the thick-
ness of the duct.

USA) that consists of six 10 mm long diode bars gen-
erating 80 W per bar, for a total of 480 W at the
central wavelength of 808 nm. The diode stack is de-
signed with 0.4 mm spacing between the diode bars
so the overall area of emission is approximately
10 mm (slow axis) X 2.4 mm (fast axis). The full di-
vergence angles in the fast and slow axes are approx-
imately 35° and 10°, respectively. A lens duct was
designed to efficiently couple the pump radiation
from the diode stack into the laser crystal. As shown
in Fig. 1, there are five geometric parameters, r, L,
H,, H,, and H;, for a lens duct, where r is the radius
of the input surface, L is the length of the duct, H;
is the width of the input surface, H, is the width of
the output surface, and Hj is the thickness of the duct
[19,20]. With the ray-tracing analysis [20], the cou-

Quasi-cw
diode stacks
Lens duct

Nd:YAG

pling efficiency was found to be up to 87% for a lens
duct with the parameters of r = 10mm, L =
32mm, H;, = 12mm, H, = 2.7mm, and H; = 3
mm. Based on the theoretical result, a lens duct was
manufactured and used in the experiment.

Figure 2(a) shows the experimental setup of the
intracavity OPO pumped by a diode-pumped pas-
sively @-switched Nd:YAG/Cr*":YAG laser in a
shared cavity configuration. The fundamental laser
cavity was formed by a coated Nd:YAG crystal and an
output coupler. The OPO cavity entirely overlapped
with the fundamental laser cavity. The Nd:YAG crys-
tal had a 1.0 at. % Nd** doping concentration, a di-
ameter of 5 mm, and a length of 10 mm. To set up the
shared cavity, the incident side of the laser crystal
was coated to be highly reflective at 1064 and
1573 nm (R > 99.8%) and highly transmitted at the
pump wavelength of 808 nm (T > 90%). The other
side of the laser crystal was coated to be antireflective
at 1064 and 1573 nm (R < 0.2%). A KTP crystal was
used to be the nonlinear crystal of the OPO. The KTP
crystal, 4 mm X 4 mm X 20 mm, was employed in
a type II noncritical phase-matching configuration
along the x axis (6 = 90°, and & = 0°) to have both a
maximum effective nonlinear coefficient and no walk
off between the pump, signal, and idler beams. On the
other hand, a Cr*":YAG crystal was used to serve as
a saturable absorber for passive @-switching. The
Cr*":YAG crystal had a thickness of 3 mm with 60%
initial transmission at 1064 nm. Both sides of the KTP
and Cr*":YAG crystals were coated for antireflec-
tion at 1573 and 1064 nm. The output coupler had a
dichroic coating that was highly reflective at 1064

CI'4+: YAG Output

KTP
coupler

A

/

HR@1064 nm (R>99.8%)
HR@1573 nm (R>99%)
HT@808 nm (T>90%)

Quasi-cw
diode stacks
Lens duct

——
l—VL[,u/

HR@1064 nm (R>99.8%)
PR@1573 nm (R=60%)
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Fig. 2. Schematic of the intracavity OPO pumped by a diode-pumped passively @-switched Nd:YAG/Cr*":YAG laser. (a) Shared cavity,

(b) coupled cavity.
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nm (R > 99.8%) and partially reflective at 1573 nm
(R = 60%). All crystals were wrapped with indium foil
and mounted in conductively cooled copper blocks. The
total cavity length was approximately 50 mm.

For comparison, the conventional coupled cavity
configuration is depicted in Fig. 2(b). It can be seen
that the OPO cavity in the coupled resonator config-
uration was formed by a coated KTP crystal and an
output coupler and the OPO cavity length was ap-
proximately 25 mm. One side of the KTP crystal was
coated to have high reflection at the signal wave-
length of 1573 nm (R > 99.8%) and high transmission
at the pump wavelength of 10643 nm (T > 95%). The
other side of the KTP crystal was coated for antire-
flection at 1573 and 1063 nm.

The pulse temporal behavior at 1063 and 1571 nm
was recorded by a LeCroy digital oscilloscope (Wave-
pro 7100; 10 G samples/s, 1 GHz bandwidth) with a
fast InGaAs photodiode. The spectral information
of the laser was monitored by an optical spectrum
analyzer (Advantest Q8381A, Tokyo, Japan). The
spectrum analyzer employing diffraction grating
monochromator can be used for high-speed measure-
ment of pulse light with the resolution of 0.1 nm.

3. Experimental Results

First, the quasi-cw free-running operation without
KTP and Cr*":YAG crystals was performed to con-
firm the pumping efficiency of the lens duct and the
quality of the laser crystal. For this investigation the
diode stack was derived to emit optical pulses 200 s
long, at a repetition rate of 100 Hz with a maximum
duty cycle of 2%. Furthermore an output coupler with
96% reflectivity at 1064 nm was used instead of the
above-mentioned OPO output coupler. Figure 3 plots
the experimental results of the free-running opera-

180 1 1 1 1 ) ) |

quasi-cw free-running operation

150 |-

120 |-

90 -

60 -

Output power at 1064 nm (W)

ole 1 1 1 1 1 1 1
0 50 100 150 200 250 300 350 400

Incident pump power at 808 nm (W)

Fig. 3. Output power at 1064 nm with respect to the incident
pump power at 808 nm for quasi-cw free-running operation.

20 ns/div

Fig. 4. Temporal shape for the passively @-switched Nd:YAG/
Cr*":YAG laser at 1064 nm.

tion for the output average power as a function of the
diode pump power. It can be seen that the output
power of 160 W was achieved at an incident pump
power of 360 W. The overall slope efficiency was
found to be as high as 45%. The fairly good efficiency
affirms the pump scheme to be practical.

We estimated the performance of the passively
Q-switched Nd:YAG/Cr*":YAG laser before the in-
tracavity OPO experiment. For this investigation
an output coupler with partial reflection at 1064 nm
was used, and the diode stack was derived to emit
optical pulses 250 s long at a repetition rate of
10 Hz. The optimum @-switched performance at
1064 nm provides the baseline for evaluating the con-
version efficiency of the intracavity OPO. The opti-
mum reflectivity of the output coupler was found to be
approximately 60%. The threshold of the @-switched
laser operation was found to be approximately 102 mdJ,
and the output pulse energy at 1064 nm was mea-
sured to be 6.5 mdJ. As shown in Fig. 4, the effective
pulse width was found to be approximately 19 ns;
consequently, the peak power was up to 330 kW.

With an OPO output coupler, the intracavity OPO
experiment was performed. The threshold of the in-
tracavity OPO was found to be nearly the same as
that of the passively @-switched laser. The output
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Fig. 5. Optical spectrum measurement for the intracavity OPO.
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Fig. 6. Typical temporal shapes for the laser and signal pulses.

pulse energy of the signal wave at 1573 nm was mea-
sured to be 3.3 mdJ. The effective conversion efficiency
with respect to the optimized pulse energy from the
passively @-switched laser is up to 51%. For the cou-
pled cavity [12], the conversion efficiency was found to
be approximately 26%. In other words, the conversion
efficiency of the shared cavity configuration is signif-
icantly superior to that of the coupled cavity configu-
ration. The OPO performance of the shared cavity
basically depends on the total laser power of all longi-
tudinal modes not on the explicit distribution of the
laser power among the longitudinal modes. The small

(@)

Fig. 7. Experimental far-field pattern of the signal output pulse.
(a) 2D image, (b) 3D representation.
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perturbations in the stable resonators usually lead
to considerable variations in the power distribution
among the longitudinal modes and do not significantly
affect the total laser power. On the other hand, in the
coupled cavity configuration the OPO and laser reso-
nators have different longitudinal mode spacings;
mostly only one longitudinal laser mode is utilized to
pump the OPO, and only one signal longitudinal mode
builds up. Therefore the overall conversion efficiency of
the shared cavity configuration is substantially supe-
rior to that of the coupled cavity configuration.

The typical result for the optical spectrum mea-
surement is depicted in Fig. 5. Figure 6 shows the
temporal shapes of the laser and signal pulses. It can
be seen that the signal output consisted of a short
intensive leading peak accompanied by a long weak
ripple. The long weak ripple may come from the in-
teraction between different longitudinal modes; thus
far, the mechanism of'its appearance is still unknown
and needs further investigation. With the numerical
integration, the signal peak power was calculated
and found to be approximately 150 kW. The signal
peak power is expected to be enhanced by the use of
an output coupler with a lower reflectivity at the
signal wavelength. The spatial distribution of the sig-
nal output was recorded with an infrared CCD and
displayed in Fig. 7. The beam quality M? factor was
estimated to be approximately 1.5.

4. Conclusions

We have employed a diode-pumped passively @-
switched Nd:YAG laser to pump an intracavity OPO
in a shared cavity configuration. A lens duct has been
designed to efficiently couple the pump radiation
from the diode stack into the laser crystal. A slope
efficiency of 45% has been obtained for the quasi-cw
free-running operation in the fundamental mode las-
ing. For the @-switching operation at 1064 nm, the
cavity produced 6.5 mdJ pulses with 330 kW peak
power. With the @-switched laser to pump the OPO
at 1573 nm, 3.3 mJ pulses with 150 kW peak power
have been achieved, corresponding to an effective
conversion efficiency of 51% with respect to the opti-
mized pulse energy at 1064 nm.
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ABSTRACT With an undoped YVOy crystal as a Raman shifter,
we substantially improved the reliability and the output per-
formance of an actively Q-switched 1176-nm Nd:YVO4 Raman
laser. With an incident pump power of 18.7 W, the average
power is greater than 2.6 W at 80 kHz. The pulse width of the
pulse envelope is shorter then 5 ns with mode-locked modula-
tion. With an incident pump power of 12.7 W, the pulse energy
and peak power is higher than 43 pJ and 14 kW at 40 kHz.

PACS 42.55.Ye; 42.55.Xi; 42.60.Gd

1 Introduction

Since the development of new Raman crystals
in the last decade [1-12], the stimulated Raman scatter-
ing (SRS) in crystal [13] has provided solid-state lasers
with an important way of operating in different wave-
lengths. The most commonly known materials for SRS are
Ba(NO3); [14], LilO3 [15], KGd(WOy), [16], PBWO, [17],
and BaWOy [5, 6, 18—22]. Moreover, for self-Raman lasers,
the materials such as Yb:KGd(WOQOy), [23], Nd:KGd(WO4),
[24-31], Nd:PbWO, [32], Nd:Gd,Y;-,VOs [33,34],
Nd:PbMoQO,4 and Nd:SrMoOy [11, 12] have been reported.
A combination of their laser-emission and SRS properties
made these crystals appealing self-Raman media. Neverthe-
less, the Raman scattering was generated by host material.
Lasers could offer a number of advantages if the SRS could
be transferred from self-Raman media to additional undoped
crystals.

Nd-doped YVO4 and GdVOy crystals, the acknowledged
useful gain media, were used in passively Q-switched (PQS)
and actively Q-switched (AQS) self-Raman lasers [34-39].
For instance, an AQS Nd:YVO, self-Raman laser demon-
strated the average power, pulse width and peak power
of 1.5W, 18ns and 4.2kW for the Stokes wavelength of
1176 nm [36]. However, the issue of the filed-induced crys-
tal damage usually restricted the output powers in self-Raman
Q-switched lasers [39].

B Fax: +886-35 725230, E-mail: yfchen@cc.nctu.edu.tw

In this work, to our knowledge, we report a new design
of a diode-pumped AQS 1176-nm Nd:YVO4 Raman laser
to increase the average power, repetition rate, peak power,
and damage threshold comprehensively. An undoped YVO;,
crystal is employed to be an intracavity Raman shifter in
aNd:YVO,4 AQS laser. Atan incident pump power of 18.7 W,
the AQS Raman laser produces an average power greater than
2.6 W with a pulse repetition rate of 80 kHz. The output pulses
noticeably display a mode-locking phenomenon that leads to
the maximum peak power to be higher than 14 kW.

2 Experimental setup

Figure 1 shows the experiment configuration for
AQS Nd:YVO4 1176-nm Raman laser which differs from
self-Raman laser. The pump source was an 808-nm fiber-
coupled laser diode with the core diameter of 800 um, the
numerical aperture of 0.16, and the maximum output power
of 25 W. A focusing lens unit with a 85% coupling effi-
ciency was used to reimage the pump beam into the gain
medium with a pump spot radius of 400 wm. The gain
medium, a 9-mm-long a-cut Nd:YVOy crystal with low con-
centrations, 0.25 at. %, was used to reduce thermally induced
fracture [36]. Both sides of this laser crystal were coated
for antireflection (AR) at 1.06 um (R < 0.2%). The Raman
crystal was a 9.6-mm-long a-cut undoped YVO, crystal.
These two crystals were both wrapped with indium foil and
mounted in water-cooled copper blocks individually. The
30-mm-long acousto-optic (AO) Q switch (NEOS Technolo-
gies) had AR coating at 1064 nm on both faces and was
driven at a 27.12-MHz center frequency by 15W of RF
power. The resonator was a plano-concave configuration.
Front mirror, a 500-mm radius-of-curvature concave mirror,
was coated with AR coating at 808 nm (R < 0.2%) on the en-
trance face, and with high-reflection (HR) coating at 1064 nm
(R > 99.8%) and high-transmission (HT) coating at 808 nm
(T > 90%) on the other face. The coating of front mirror at
1176 nm was high-reflection, too. The output coupler (OC)
was a flat mirror with HR coating at 1064 nm (R > 99.8%) and
partial-reflection (PR) coating at 1176 nm (R = 51%). The
cavity length was around 115 mm and depended on pump-
ing power. The spectrum of laser output was monitored by
an optical spectrum analyzer (Advantest Q8381A, includ-
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Laser diode

FIGURE 1 Schematic of a diode-pum-
ped actively Q-switched Nd:YVO4 Ra-
man laser at 1176 nm

Front mirror ocC o
: AO 1
i : Q-switch  YVO, aser
output
Focusing lens \Y
HR@1050~1200 nm (R>99.8%) HR@1064 nm (R>99.8%)

HT@808 nm (T>90%)

ing a diffraction lattice monochromator) with a resolution
of 0.1 nm. The temporal behaviors for fundamental and Ra-
man pulses 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.

3 Experimental results and discussion

As a stimulated Raman material, taking the place
of Nd:YVO, by undoped YVO, has advantages on robust-
ness and output properties. Figure 2 displays the experimental
result for optical spectrum of the laser output and Raman scat-
tering spectrum of the YVOy. The first Stokes wavelength
near 1176 nm was conversed from the fundamental wave-
length near 1064 nm by Raman peak at 890 cm~'. The Raman
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FIGURE 2  Optical spectrum of the actively Q-switched Raman output. The
Raman scattering spectrum of an YVOy crystal showed in inset, which is
almost the same as it of Nd:YVOy crystal

PR@1176 nm (R=51%)

shift of Nd:YVO, and undoped YVO,4 were almost the same,
came from the same periodic YVOq lattice. But crystals with-
out dopant had more perfect lattice, which brought on higher
damage threshold and more stable frequency conversion. So,
we can put the pure YVO, as a Raman crystal in the position
where the intensity is highest in the cavity, and still increase
the pumping power. Further, the reflectance of OC can be
lower (from 93% to 51%) to scale up average output power
due to lower lasing threshold at Raman wavelength. By using
lower reflection coating, we can narrow the pulse width. Atthe
same time, when we over drove current during the experiment,
the damage never happened in Nd:YVOy, but in Raman crys-
tal. That means the SRS was generated mainly in pure YVOu,
amore reliable and replaceable component in practical laser.
Figures 3 and 4 illustrate the output performance of AQS
1176-nm Nd:YVO,4 Raman laser. The average output power
at the Stokes wavelength of 1176 nm with respect to the inci-
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FIGURE 3 The average output power at the Stokes wavelength of 1176 nm
with respect to the incident pump power at different pulse repetition rate from
20 kHz to 80 kHz
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FIGURE 4  An oscilloscope trace with mode-locking effect for fundamental
and Raman pulses

dent pump power for different pulse repetition rate of 20, 40,
60, and 80 kHz shown in Fig. 3. Because the thermal loading
of the end-pumped Q-switched Nd-doped laser increases with
decreasing repetition rate [24, 25], it can be seen that although
the pumping threshold is higher, increasing the pulse repeti-
tion rate can efficiently increase the maximum average output
power at 1176 nm and its maximum pump power (P max)-
And for a certain repetition rate, to pump over P, max will
get the unstable Raman conversion and fall the output power.
The average output power is up to 2.61 W with an incident
pump power of 18.7 W at a repetition rate of 80 kHz, corres-
ponding to the conversion efficiency of 14% and slope effi-
ciency of 40%. Comparing to results of 1176-nm self-Raman
laser by use of Nd:YVOy with lower dopant concentration of
0.2 at. % [36], this Raman laser still has the increase of ratio in
average power of 74% and in conversion efficiency of 0.7%.
It could be better if we were able to use 0.2 at. % Nd:YVO,
and correctly AR-coated c-cut [41] YVO, in this Raman laser.
On the other hand, the maximum pulse energy is generally
greater then 40 pJ at repetition rate from 20 to 60 kHz, and up
to 43.5 pJ at 40 kHz with an incident pump power of 12.7 W.
The maximum pulse energy at repetition rate of 80 kHz is
32.6 .

The typical time traces for fundamental and Raman pulses
are shown in Fig. 4. The pulse width is always shorter then
5 ns, but the effective pulse width is much shorter due to mode-
locked shape. With the pulse energy of 43.5 uJ, the pulse
width of the pulse envelop in Fig. 4 is 4.5 ns, and the peak
power of the pulse seen as a Gaussian shape should be 9.7 kW.
However, after curve fitting for the mode-locked shape, the
peak power is enhanced to 14 kW, 1.45 times the 9.7 kW. In
other words, the effective pulse width is around 3.1 ns which is
much shorter than 18 ns of self-Raman laser [36]. Comparing
to 1176-nm Nd:YVO4 AQS self-Raman laser of 4.2 kW [36],
the output peak power was enhanced to be more than two
times. The present peak-power level was close to the results of
the PQS Nd:GdVOy self-Raman lasers in which the average
power, pulse width and peak power were found to be 83 mW,

500 ps, and 9.2kW at 1174 nm in [37], or 140 mW, 750 ps,
and 8.4kW at 1176 nm in [38].

4 Conclusions

In conclusion, with an undoped YVOy as a stim-
ulated Raman crystal, we substantially improve the dam-
age threshold, repetition rate, average output power, pulse
width, and the peak power of AQS Nd:YVO,4 Raman lasers
at 1176 nm. With an incident pump power of 18.7 W, the
average power is 2.6 W at 80 kHz correspond to the optical-to-
optical conversion efficiency of 14%. Coming with the mode-
locked pulse shape, the effective cavity dump of intracavity
SRS leads to peak power at 1176 nm that is generally greater
than 10.5 kW at repetition rate from 20 to 80 kHz. With an
incident pump power of 12.7 W, the pulse energy and peak
power is higher than 43.5 pJ and 14 kW at 40 kHz.
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1. Introduction

Neodymium-doped single vanadate crystals including Nd:YVO, and Nd:GdVOQO, have been
identified as excellent laser materials for diode-pumped solid-state lasers because of their
large absorption and large emission cross sections [1-8]. In the Q-switching operation,
however, the large emission cross sections usually limit their energy storage capacities. To
overcome this hindrance, mixed Nd:Y,Gd, VO, crystals were recently developed with Y ions
replacing some of the Gd ions in Nd:GdVOy single crystal [9-12]. It has been experimentally
confirmed that such mixed crystals are substantially superior to single crystals for Q-
switching and mode-locking performance because of their broader fluorescence linewidth [12-
14].

Raman lasers which are based on intracavity stimulated Raman scattering (SRS) in Raman
active crystals have a very promising potential for various applications such as pollution
detection, remote sensing, and medical system [15-17]. Recently, potassium titanyl phosphate
(KTP) and rubidium titanyl phosphate (RTP) which are widely recognized as prominent
nonlinear optical crystals involving nonlinear optical susceptibility %® have been
experimentally confirmed to be practical SRS converter devices [18-20]. The low value of the
KTP-related Stokes shift (270 cm™) [21] permits generation of multi-frequency radiation with
cascade SRS. Nowadays, simultaneous multi-frequency lasing lines with high peak powers in
the room temperature is of practical importance for the terahertz (THz) generation with the
nonlinear optical difference frequency method [22-24].

In this paper, we present the first demonstration of a diode-pumped actively Q-switched
mixed Nd:Y(3Gdy;VO, laser with an intracavity KTP crystal to produce cascade SRS
emission up to the fourth order. With an incident pump power of 14 W, the actively Q-
switched intracavity Raman laser, operating at 50 kHz, produces an average output power up
to 0.92 W with a pulse energy of 18.4 uJ. The maximum peak power is generally higher than
2 kW.

2. Experimental setup

The schematic diagram for the experimental setup of a diode-pumped actively Q-switched
Nd:Y,Gd; VO, laser with a KTP crystal as an intracavity SRS medium is illustrated in Fig. 1.
Spontaneous Raman spectral data on KTP crystal reveal that the strongest Raman scattering was
observed near 270 cm™ [21]. With a fundamental pump wavelength of 1064 nm, the first four
Stokes lines for the most intense Raman peak can be calculated to be 1096, 1129, 1166, and
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1204 nm, respectively. The flat front mirror has antireflection coating (R<0.2%) at the diode
wavelength on the entrance face, high-reflection coating (R>99.5%) at the lasing and SRS
wavelengths, and high-transmission coating (T>90%) at the diode wavelength on the other
surface. The flat output coupler had the reflectivities R=99.6% at 1064 nm, R=99.1% at 1096
nm, R=86.3% at 1129 nm, R=48.0% at 1166 nm, and R=27.5% at 1204 nm. Note that the
present output coupler was selected, but not optimized, from the available mirrors in our
laboratory. Nevertheless, experimental results revealed that cascade SRS operation including
the first four Stokes components could be obtained.

Laser diode

Front mirror

] AO Q-switch Output coupler
, — | «xtp I-I
) 1l == — &
: Nd:Gd,;Y,;VO, I_l
Coupling lens - /

R=99.6% at 1064 nm

R=99.1% at 1096 nm
R>99.5% at 1060-1200 nm R=86.3% at 1129 nm

T=85% at 808 nm R=48.0% at 1166 nm
R=27.5% at 1204 nm

Fig. 1. Experimental setup for a diode-pumped actively Q-switched Nd:Y3Gd,;VO, laser with
a KTP crystal as an intracavity SRS medium.

The pump source was an 808-nm fiber-coupled laser diode (Coherent Inc.) with a core
diameter of 0.8 mm, a numerical aperture of 0.16, and a maximum output power of 16 W. A
focusing lens with a 12.5-mm focal length and 85% coupling efficiency was used to reimage
the pump beam into the laser crystal. The average radius of the pump beam was near 0.35 mm.
The active laser medium was a 0.2-at.% Nd:Y(3Gdy;VO;, crystal with a length of 10 mm. The
Raman medium was a 20-mm-long KTP crystal with a cutting angle along the x axis (6=90°
and ¢=0°). Both sides of the Nd: Y(3Gd,,VO, and KTP crystals were coated for antireflection
at 1000-1200 nm[1(R< 0.2%). In addition, they were wrapped with indium foil and mounted
in a water-cooled copper block. The water temperature was maintained at 20 °C. The 30-mm-
long acousto-optic Q-switch device (NEOS Model 33027-15-2-1) had antireflection coating at
1064 nm on both faces and was driven at a 27.12-MHz center frequency with 15.0 W of rf
power.

The present cavity is a flat—flat resonator that was stabilized by the thermally induced lens
in the laser crystal. This concept was found nearly simultaneously by Zayhowski and
Mooradian [25] and by Dixon et al [26]. A linear flat—flat cavity is an attractive design
because it reduces complexity and makes the system compact and rugged. However, the end-
pump-induced thermal lens is not a perfect lens, but is rather a lens with aberration. It has
been found that the thermally induced diffraction loss is a rapidly increasing function of the
mode-to-pump ratio at a given pump power. When the incident pump power is greater than 5
W, the optimum mode-to-pump ratio is found to be in the range of 0.8-1.0 [27]. Since the
laser rod is very close to the front mirror, the laser mode size in the gain medium can be given

by [28]
o, :\/ZW (1)
7[ (1_ L/frh)

where f, is the effective focal length of the thermal lens,
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is the effective cavity length, L, is the cavity length, [ is the length of the gain medium, 7 is
the refractive index of the gain medium, Ixp is the length of the KTP crystal, ngrp is the KTP
refractive index for the output laser beam, [, is the length of the Q-switched crystal, and ng is
the refractive index of the Q-switched crystal for the output laser beam. The effective focal
length for an end-pumped laser rod can be approximately expressed as

where @), is the pump size in the unit of mm, P;, is the incident pump power in the unit of
watt (W), and C is a proportional constant in the unit of W/mm. The effective focal length at
a given pump power can be experimentally estimated from the longest cavity length with
which a flat-flat cavity can sustain stable. Therefore, we perform the laser experiments to
obtain the critical cavity lengths for different pump powers at a fixed pump size. We used Eq.
(3) to fit the experimental results and found the constant C to be approximately 1.7x10*
W/mm.

The dependence of the mode-to-pump size ratio on the pump power for the present cavity
was calculated by using Eqs. (1)-(3) and the following parameters: C=1.7x10* W/mm, ),
=0.35 mm, /p=30 mm, ny=1.5, [=10 mm, n=2.16, ngrp=1.75, and lxrp=20 mm. The calculated
results for several cavity lengths were shown in Fig. 2. It is clear that the mode-to-pump size
ratio is around 0.8 at L.,,=130 mm for the pump powers in the range of 5~15 W, leading to a
good compromise between overlapping efficiency and thermal effect. As a consequence, we
arranged the cavity length to be 130 mm.

11

10

0.8

L,,=130 mm
0.7

mode-to-pump size ratio

L, =100 mm

0.6

Incident pump power (W)

Fig. 2. Dependence of the mode-to-pump size ratio on the incident pump power for several cavity lengths.

3. Experimental results and discussions

Figure 3 depicts the average output powers with respect to the incident pump power at the 50-
kHz Q-switching operation for the setup shown in Fig. 1. The threshold powers for the first
Stokes mode is 4.5 W. The first Stokes output at 1096 nm increases with the pump power
until the second Stokes threshold of 6.2 W is reached, and it is then clamped at a level of 50
mW. When the pump power is increased to approximately 8.2 W, the third Stokes radiation at
1166 nm start to be emitted and the second Stokes emission is almost saturated at a power of
0.6 W. The slope efficiency of the second Stokes at 1129 nm with respect to the pump power
from 6.2 W to 8.2 W is approximately 30%. At pump power higher than the fourth Stokes
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threshold of 10.5 W, the total output power is nearly clamped at 0.92 W. The maximum
output powers at 1096 nm, 1129 nm, 1166 nm, and 1204 nm are approximately 0.05 W, 0.61
W, 0.25 W, and 0.11 W, respectively. Note that the present output coupler was not optimized
for the overall conversion efficiency. Therefore, it is possible to obtain a higher output power
with the optimum output coupler. On the other hand, the optimum conversion efficiency for
the specific Stokes component can be obtained by optimizing the output coupler with high
reflection for the lower order Stokes modes and high transmission for the next order Stokes
mode. Furthermore, no damage to the KTP crystal was observed over several hours of
operation, and the laser performance was reproducible on a day-to-day basis.

1000 T T T T T T

3 rd Stokes

100 |

10 F
E Ist Stokes 4th Stokes

Average output power (mW)

Incident pump power (W)

Fig. 3. Dependence of the average output power on the incident pump power for Q-switching
operation at 50 kHz.

An optical spectrum analyzer (Advantest Q8381A) was used to measure the spectral
information of the laser output. The present spectrum analyzer employing a diffraction lattice
monochromator can be used for high-speed measurement of pulse light with a resolution of
0.1 nm. Figure 4 shows the emission spectrum measured at the output of the Raman laser for
the pump power of 14.0 W. It can be seen that the optical spectra include the main output of
the different order Stokes lines as well as the residual outputs of the fundamental wave at
1064 nm. The frequency shift between the Stokes and the laser lines is in good agreement
with the asymmetric bending mode of a distorted TiOg octahedron 270 cm’! [21].

The temporal behavior of the output pulse was recorded by a LeCroy digital oscilloscope
(Wavepro 7100, 1-GHz bandwidth, 10 G samples/sec) with two InGaAs p-i-n photodiodes for
measuring the output pulses at fundamental and SRS emissions, respectively. The temporal
characteristics of the fundamental pulse and Raman pulses are depicted in Figs. 5(a)-5(d) for
four different pump powers of 5.0 W, 7.0 W, 9.0 W and 11.0 W. It can be seen that when the
intracavity power density at the fundamental wavelength reaches the SRS threshold, the
fundamental pulse is rapidly converted the Stokes output. Although the channel numbers of
the oscilloscope are not sufficient to separate the temporal profiles of each Stokes orders, the
experimental results in Figs. 5(a)-5(d) apparently reveal that various order Stokes pulses are
generated step by step with increasing the pump power. Furthermore, the Q-switched pulse
envelope displays clear modulated pulses. The separation of the modulated pulses was found
to be 0.86 ns, which matched exactly with the cavity roundtrip time. Therefore, the modulated
pulses can be confirmed to come from the longitudinal-mode beating. The estimated energy of
the highest pulse inside envelope was found to be close to 18.4 pJ and the maximum peak
power was greater than 2 kW.
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Fig. 4. Emission spectrum measured at the output of the Raman laser for the pump power of 14 W.
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Fig. 5. Temporal characteristics of the fundamental pulse and Raman pulses (a) 5 W, (b) 7 W, (c) 9 W, (d) 14 W.
4. Conclusion

In summary, we have developed a diode-pumped actively Q-switched mixed Nd:Y3Gd,,VO,
laser with an intracavity KTP crystal to produce cascade SRS emission up to the fourth order.
With an incident pump power of 14 W and a repetition rate of 50 kHz, the average output
powers at 1096 nm, 1129 nm, 1166 nm, and 1204 nm are approximately 0.05 W, 0.61 W, 0.25
W, and 0.11 W, respectively. The maximum peak power is found to be higher than 2 kW.
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We develop an AlGalnAs material as a promising intracavity selective absorber for an efficient high-power
Nd:YAG laser at 1.44 um. With the ISA to suppress operation at 1.06 wm, the output coupler at 1.44 um can
be straightforwardly designed and optimized. At a pump power of 16 W an output power of 25 W at
1.44 um, with a slope efficiency of 23%, was achieved. © 2008 Optical Society of America

OCIS codes: 140.0140, 140.3480, 140.3380, 140.3530.

The fluorescence spectra of Nd-doped laser crystals
have revealed many transitions in the *Fy, to *Iy,,
*I,1/5, and *I,5, manifolds [1]. Based on these mul-
tiple transitions most Nd-doped laser crystals can be
operated in the laser wavelengths between 0.91 and
1.38 um. In Nd:YAG crystals the long-wavelength
end of the *F;,, — I,,/, transition is remarkably up to
1.44 um at which the absorption coefficient of water
is comparable with that at 2.1 um [2]. As a conse-
quence, the Nd:YAG laser at 1.44 um is of particular
interest not only in the field of surgery but also for
many technical applications such as lidar and com-
munications [3-5].

The well-known attempts at line selection in Nd-
doped lasers rely on appropriately coated cavity mir-
rors with a sufficiently large loss difference to sup-
press the competing transition channels [6]. Since
the stimulated emission cross section of the 1.44 um
transition is approximately 20 times smaller than
that of the 1.06 um line, the operation of a Nd:YAG
laser at 1.44 um requires a rather tough coating.
Even though the coated cavity mirrors with a suffi-
cient reflection contrast can lead to the 1.44 um emis-
sion at low and middle pump powers, the power scal-
ing tends to be hindered by the lasing of the 1.06 um
transition at high pump powers. A method for over-
coming this obstacle is to utilize the three-mirror
folded resonator with an additional mirror to in-
crease the loss difference between the lasing and
competing channels. An alternative approach is the
use of an intracavity selective absorber (ISA) in a
simple linear cavity to absorb the competing emis-
sions without introducing substantial losses at the
lasing wavelength [7]. Therefore, the development of
an ISA is practically beneficial to the power scaling of
the weak transition in Nd-doped lasers.

In this Letter we demonstrate the development of
an AlGalnAs material as a promising ISA for an effi-
cient high-power Nd:YAG laser at 1.44 um. With the
ISA to suppress operation at 1.06 um, the output cou-
pling at 1.44 um can be flexibly optimized; as a con-
sequence, an output power of 2.5 W at 1.44 um, with
a slope efficiency of 23%, was achieved. We further

0146-9592/08/131452-3/$15.00

verify that even if the cavity mirrors have a high-
reflection coating at 1.06 um, the developed ISA can
still completely suppress the 1.06 um oscillation and
make a Nd:YAG laser cavity with an appropriate cou-
pling to operate at 1.44 um.

The present ISA was composed of AlGalnAs quan-
tum wells (QWs) with the barrier structure grown on
a Fe-doped InP transparent substrate by metalor-
ganic chemical-vapor deposition. Note that the con-
ventional S-doped InP substrate cannot be used be-
cause of its significant absorption in the 1.0-2.0 um
spectral region, whereas the Fe-doped InP substrate
is transparent in this spectral region. The absorption
region of the ISA consists of 10 groups of two 10 nm
QWs with the absorption wavelength around
1.32 um, spaced at 190 nm intervals by AlGalnAs
barrier layers with the absorption wavelength
around 1.06 um, as shown in Fig. 1. An InP window
layer was deposited on the gain structure to avoid
surface recombination and oxidation. The backside of
the substrate was mechanically polished after
growth. Both sides of the gain chip were antireflec-
tion (AR)-coated to reduce backreflections. The total
residual reflectivity of the AR-coated sample is less
than 5%. Figure 2 shows the transmittance spectrum
for the AR-coated ISA device. It can be seen that the
strong absorption of the barrier layers leads to an ex-
tremely low transmittance near 1.06 um. The total
absorption efficiency of the barrier layers at 1.06 um

T T

I W

N— _
—

10 periods

Fig. 1. Structure of the present ISA: the absorption region
including 10 groups of two 10 nm QWs with the absorption
wavelength around 1.32 um, spaced at 190 nm intervals by
AlGalnAs barrier layers with the absorption wavelength
around 1.06 um.

© 2008 Optical Society of America
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Transmittance spectrum for the developed ISA

was found to be higher than 96%. On the other hand,
the absorption efficiency of the AlGalnAs QWs near
1.32 um was approximately 35%. Although the
AlGalnAs material with a similar structure has been
employed as a gain medium or a saturable absorber
[8-12], it is designed as an ISA in solid-state lasers
for the first time, to the best of our knowledge.

A schematic of the laser experiment is shown in
Fig. 3. The active medium was 1.0 at. % Nd:YAG
crystal with a length of 10 mm. The entrance surface
of the laser crystal was coated for high reflection at
1.06 um (R>99.5%), 1.32um (R>99.5%), and
1.44 um (R>99.5%) and for high transmission at
0.81 um (7>85%). Note that the high reflection at
1.06 and 1.32 um on the entrance surface was for the
purpose of exploring the suppression ability of the de-
veloped ISA. The other surface of the laser crystal
was coated for AR in the spectral range of
1.06-1.44 um (R<0.2%). The laser crystal was
wrapped with indium foil and mounted in a water-
cooled copper block. The pump source was a 20 W
808 nm fiber-coupled laser diode with a core diameter
of 600 um and a numerical aperture of 0.16. A focus-
ing lens with a 5 mm focal length and 85% coupling
efficiency was used to reimage the pump beam into
the laser crystal. The pump spot radius was approxi-
mately 200 um. The cavity length was approximately
15 mm. The spectral information of the laser was

monitored by an optical spectrum analyzer (Ad-
vantest Q8381A).

Fiber-coupled laser
diode

Coupling lens

QW/barrier
absorber

Nd:YAG

HR at 1.06 um (R>99.5%)
HR at 1.32 um (R>99.5%)
HR at 1.44 pm (R>99.5%)
HT at 0.81 pm (T>85%)

Output coupler

Fig. 3. Experimental schematic of the laser experiment.
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Three different flat output couplers were used to
test the function of the developed ISA. The first out-
put coupler (OC1) was used to estimate the insertion
loss of the ISA; its reflectivities at 1.06, 1.32, and
1.44 yum are 5%, 50%, and 99%, respectively. The loss
difference of the OC1 for various transitions ensured
that the oscillations at 1.06 and 1.32 um were com-
pletely suppressed and the laser operated at 1.44 um.
Figure 4 shows the average output powers, with and
without the ISA inserted into the cavity with the
OC1, versus the incident pump power. The reduction
in the slope efficiency due to the ISA can be seen to be
rather small. With the Findlay-Clay analysis the in-
sertion loss of the ISA is found to be approximately
0.2%. Note that the output efficiency with the OC1 is
rather low because the output coupling is not optimal
for the operation at 1.44 um.

The second output coupler (OC2) was used to test
the suppression ability of the ISA; its reflectivities at
1.06, 1.32, and 1.44 um are 50%, 70%, and 95%, re-
spectively. Experimental results reveal that the laser
cavity with the OC2 and without the ISA is com-
pletely lasing at 1064 nm. With the insertion of the
ISA, the laser cavity with the OC2 can be purely las-
ing at 1444 nm. Figure 5 shows the input—output
characteristics for the output powers with and with-
out the ISA inserted into the cavity with the OC2. It
can be seen that the ISA can make the laser cavity to
change the lasing wavelength from 1.06 to 1.44 um.
An output power of 2.5 W at 1.44 um, with a slope ef-
ficiency of 23%, was achieved with the ISA inserted
into the cavity with the OC2. At a pump power of
10 W the present output power is up to 1.7 W, which
is superior to the previous data of 10 W obtained with
a 2% output coupler [2,5]. The superiority comes from
the advantage that an output coupler with a higher
transmission can be used to optimize the output
power because of the strong suppression at 1.06 um
transition by the ISA.

Finally, the third output coupler (OC3) was used to
further investigate the maximum suppression ability
of the ISA. The reflectivities of the OC3 at 1.32 and
1.44 um are nearly the same as those of the OC2;

0.8 T T T T T T T

0oC1

without ISA

with ISA

Average output power at 1444 nm (W)
o
~
L}

0 2 4 6 8 10 12 14 16
Incident pump power (W)

Fig. 4. Average output powers, with and without the ISA
inserted into the cavity with the OC1, versus the incident
pump power.
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6 0OC2 1

lasing at 1064 nm
without ISA

o 2 a4 & 8 10 12 14 16

Incident pump power (W)

Average output power (W)
w
T

lasing at 1444 nm
with ISA

4 6 8 10 12 14 16

Incident pump power (W)

Fig. 5. Average output powers, with and without the ISA
inserted into the cavity with the OC2, versus the incident
pump power. Inset: average output power with ISA in-
serted into the cavity with the OC3.

however, the reflectivity of the OC3 at 1.06 um is up
to 99.5%. Experimental results reveal that the ISA
can still suppress the 1.06 um emission and lead to a
Nd:YAG laser operating at 1.44 um. More impor-
tantly, the output performance with the OC3 is al-
most the same as that obtained with the OC2, as
seen in the inset of Fig. 5. In other words, the opti-
mum output coupler at 1.44 um can be straightfor-
wardly designed by means of the ISA to suppress op-
eration at 1.06 um.

In summary, an AlGalnAs QW-barrier structure
grown on a Fe-doped InP transparent substrate was
developed to be an ISA for an efficient high-power
Nd:YAG laser at 1.44 mm. Experimental results con-
firm that the developed ISA can still fully suppress
the 1.06 um oscillation even if the cavity mirrors
have a high-reflection coating at 1.06 um. With the

ISA to suppress operation at 1.06 wm, the output cou-
pler at 1.44 um can be straightforwardly optimized.
At a pump power of 16 W, an output power of 2.5 W
at 1.44 um, with a slope efficiency of 23%, was
achieved.

The authors gratefully acknowledge various
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The authors also thank the National Science Council
for their financial support of this research under con-
tract NSC-93-2112-M-009-034.
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An undoped YVOy, crystal is employed to achieve efficient stimulated Raman scattering conversion in a
diode-pumped actively @-switched Nd:YAG laser. With an incident pump power of 16.2W, an 1176 nm
first Stokes average output power of 3.0 W was generated at a pulse repetition rate of 50 kHz, correspond-
ing to an optical-to-optical conversion efficiency of 18.3%. Moreover, the maximum optical-to-optical
conversion efficiency of 21.3% was found at 20 kHz. The maximum pulse energy is higher than 83 uJ
at both 20 and 30kHz. With an incident pump power of 7.6 W, the underestimated peak power of
43.5 kW was demonstrated at 20 kHz with mode-locked modulation. © 2008 Optical Society of America

OCIS codes:

1. Introduction

Neodymium-doped yttrium aluminum garnet and
yttrium vanadate (Nd:YAG and Nd: YVO,) are the
most widely used materials for solid-state laser gain
medium [1,2]. The Nd: YVO, crystal has a strong
broadband absorption and an effective stimulated
emission cross section that is five times larger than
Nd:YAG [1]. These properties imply that a Nd: YVO,
laser usually has higher efficiency and a broader op-
erating temperature than a Nd:YAG laser. In the
field of Raman lasers, the availability of a self-
Raman process also made the study of diode-pumped
passively @-switched (PQS) and actively @-switched
(AQS) Nd: YVO, Raman lasers attractive [3,4]. How-
ever, the Nd:YAG crystal has other advantages such
as better thermal property and a much longer fluor-
escence lifetime. In particular, the long lifetime can
raise the output pulse energy of a fundamental AQS
laser and should be able to raise the output pulse en-
ergy of an AQS Raman laser at the Stokes wave-
length. This means that the conversion efficiency

0003-6935/08/356675-05$15.00/0
© 2008 Optical Society of America
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of 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 the
lasing spectrum [2,5-8]. Ba(NOjs), [9], LilO5 [10],
KGd(WOy), [11], PbWO, [12], and BaWO, [5,13-
17] are well-known materials for SRS. Furthermore,
YVO, and GdVO, were found to be efficient y3) ma-
terials for Raman lasers [18]. We have exhibited the
AQS Nd: YVO, Raman laser with an undoped YVO,
crystal that was demonstrated as a potential Raman
shifter [19]. However, @-switched Nd:YAG intra-
cavity Raman lasers based on YVO, crystals have
not been reported to our knowledge.

Here 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 in-
cident pump power of 16.2W, the 1176 nm first
Stokes average output power of 3.0 W is efficiently
generated at a pulse repetition frequency (PRF) of
50 kHz. The maximum output pulse energy is higher
than 83 udJ, and the overall conversion efficiency was
as much as 21.3 — 18.3%. The output pulses display a

10 December 2008 / Vol. 47, No. 35 / APPLIED OPTICS 6675



mode-locking phenomenon that results in a maxi-
mum peak power of 43.5kW.

2. Experimental Setup

Figure 1 depicts the experimental configuration for
the diode-pumped AQS Nd: YAG/YVO, Raman laser.
The cavity mirrors with a 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
an antireflection coating of 808 nm on the entrance
face (R < 0.2%), a high-reflection coating of 1050 —
1200nm (R > 99.8%), and a high-transmission
coating of 808nm on the other surface (T > 90%).
The output coupler is a flat mirror with a high-
reflection coating of 1064nm (R > 99.8%) and a
partial-reflection coating of 1176 nm (R = 51%). Note
that the output coupler reflectivity is not optimized
and has limited availability.

The pump source was an 808 nm fiber-coupled la-
ser diode with a core diameter of 800 ym, a numerical
aperture of 0.16, and a maximum output power of
25 W. A focusing lens system with 85% coupling effi-
ciency was used to reimage the pump beam into the
laser crystal. The waist radius of the pump beam was
approximately 400um. The laser medium was an
0.8at.% Nd3*: YAG crystal with a length of 10 mm.
Both sides of this laser crystal were coated for anti-
reflection (AR) at 1.06 yum (R < 0.2%). The Raman
crystal was an a-cut undoped YVO, 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 tem-
perature was maintained at 20 °C. The 30 mm long
acousto-optic @-switch (NEOS Technologies) had
antireflection coatings at 1064nm 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 9cm. A thermal detector (Coherent LM-10
HTD) was used to measure the average power of
the fundamental and Stokes output.

3. Experimental Results and Discussion

The AQS Nd:YAG laser performance at 1064 nm was
first studied to evaluate the conversion efficiency of
intracavity SRS. For this investigation, an output

Laser
diode

Front mirror oC

C @

Focusing lens

Nd:YAG

AO
Q-switch YVO,

HR@1050~1200nm (R>99.8%) HR(@1064 nm

HT@8080m(T>90%) PR@1176nm (R=51%)
Fig. 1. (Color online) Scheme of a diode-pumped AQS
Nd: YAG/YVO, Raman laser.
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coupler with partial reflection at 1064 nm was used
instead of the above-mentioned Raman cavity output
coupler. The optimum reflectivity of the output cou-
pler was found to be approximately 80%. The pump
threshold for 1064 nm oscillation was below 2.5 W
and was insensitive to the PRF. With an incident
pump power of 16.2W, the average output powers
at 1064 nm were 5.8 - 6.3 W for PRF's in the range
of 20 — 50 kHz. In addition, the partially polarized la-
ser beam with a polarization ratio of 3:1 should be
excited by the acousto-optic @-switch and nonlinear
Raman crystal. However, when the intracavity
Raman laser was used, the relatively random polar-
ization compared with the Nd: YVO,/YVO, Raman
laser [19] could benefit the robustness of the Raman
crystal. Therefore, our experimental results revealed
that the same Raman crystals can sustain higher
peak power per unit area in Nd:YAG lasers. In other
words, the damage threshold was improved. The
experimental result for the optical spectrum of a
Raman laser was monitored by an optical spectrum
analyzer (Advantest Q8381A), including a diffraction
grating monochromator with a resolution of 0.1 nm.
The first Stokes wavelength of 1176 nm was con-
verted from the fundamental wavelength at
1064nm by a Raman shift at 890cm™' from a
YVO, crystal [18,19]. There is no second Stokes
wavelength observed for all the pumping power.
Figure 2 illustrates the average output power at
1176 nm with respect to the incident pump power
for PRF's 0of 20, 30, and 50 kHz. For the Raman opera-
tion with a fixed PRF and a fixed cavity length, a
critical pump power or a maximum operating pump
power exists. The thermal lensing causes the cavity
to be unstable after the critical pump power.
Reducing the PRF leads to a lower threshold for
stimulated Raman output, but it leads to a smaller
critical pump power and a smaller maximum output
power because of the increased thermal loading of
the end-pumped @-switched Nd-doped laser [20].
However, the meaning behind the critical pump
power may not be all the same as normal AQS

30k

O 20kHz
30 kHz ! T
25+ A 50 kHz £ Z -
LY
20 /7

05

Average output power at 1176 nm (W)
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00 . : :

10 12 14 16 18
Input power at 808 nm (W)

Fig. 2. (Color online) Average output power at the Stokes wave-

length of 1176 nm with respect to the incident pump power at

different pulse repetition rates of 20, 30, and 50 kHz.



Nd-doped lasers. Compared with the fundamental
operation at 1064nm, the much lower optical-to-
optical conversion efficiency for the Raman operation
could cause much higher thermal loading on the gain
medium. The additional thermal lensing effect from
SRS on a Raman crystal should also be considered.
Then, the SRS conversion efficiency could be sensi-
tive to the cavity stability, which will induce the drop
in critical pump power. The advanced studies on
thermal effects are still under way. Moreover, the
self-focusing-induced damage on the YVO, crystal
never occurred at a low PRF while the pump power
is being overdriven.

Nevertheless, the efficient average output powers
at 1176 nm were separately 1.6, 2.5, and 3.0W at
PRFs of 20, 30, and 50kHz with incident pump
power of 7.6, 13.3, and 16.2W. As a consequence,
the maximum SRS conversion efficiency of 62 -
47% with respect to the output power that is avail-
able from the fundamental laser of 1064nm was
demonstrated at the PRF of 20 — 50 kHz. Then, the
maximum optical-to-optical conversion efficiency
from an 808 nm pump was as high as 21.3 - 18.3%
at the PRF of 20 — 50 kHz. The overall conversion ef-
ficiency is the second highest one for Raman lasers
until now to our knowledge [2,21]. The efficiency
would improve if we could use a c-cut YVO, crystal
[22] with proper antireflection coating and an opti-
mized output coupler. From the average output
power and the PRF, pulse energy E,, at 1176 nm with
respect to the incident pump power was depicted in
Fig. 3. The maximum pulse energies E,,,, at PRF's of
20 and 30 kHz were both higher than 83 uJ. The E,«
of this Nd: YAG/YVO, Raman laser was almost two
times the E,,, of the Nd: YVO,/YVO, Raman laser
in almost the same AQS scheme [19].

The temporal behaviors were recorded with a
LeCroy digital oscilloscope (Wavepro 7100,
10 GSamples/s, 1 GHz bandwidth) with two fast In-
GaAs p-i-n photodiodes. An interference filter that
allows transmission only at 1064 nm was used to ex-
tract a weak fundamental signal. Figure 4 shows the

100

0 20kHz

80 |-

60 |-

40

Pulse energy at 1176 nm (juJ)

0 12 14 16 18
Input power at 808 nm (W)

Fig. 3. (Color online) Pulse energy at 1176 nm with respect to the
incident pump power at different pulse repetition rates of 20, 30,
and 50 kHz.

pulse shape for the fundamental and Raman compo-
nents. With a pulse energy of 81.2 ud at 1176 nm, the
pulse width of the pulse envelope in Fig. 4 is 2.2 ns,
and the peak power of the pulse seen as a Gaussian
shape without oscillation should be 36.9 kW. How-
ever, the observed mode-locked phenomenon causes
the Raman pulse to assume a deeply modulated
shape, and peak power P, cannot be approximated
as the E, divided by the envelope width [19]. We had
to use the temporal shape of a single pulse in arbi-
trary units, y(¢), to determine the correct Pp,x. Note
that the screen shots and numerical data of y () were
recorded in the oscilloscope at the same time so that
we could use the numerical data for calculation,
which can be expressed as Ppe,x = C - Winax(t), where
the y .« (f) indicates the peak value of y(¢). Factor C
is determined by the fact that E, =C- [,y(¢)dt,
where T indicates the temporal range of the single
pulse. Consequently, the peak power of the Raman
pulse in Fig. 4 is 43.5 kW. It can also be observed that
the pulse shape and modulated oscillation depth
were varied with increased pump power. For exam-
ple, Fig. 5 depicts the typical evolvement of pulse
shapes that are dependent on pump power at
50 kHz. Note that the vertical axes of the pulses were
separate arbitrary units With a pump power of 8.6 W,
which is near the threshold of SRS, the envelope
width of 7.1ns and deep mode-locked oscillation
are shown in Fig. 5(a). Although the pump power
was increased to 12.3 W, the envelope width was nar-
rowed to a minimum of 3.1 ns with a P, of 13.1kW
as shown in Fig. 5(b). Meanwhile, the mode-locked
oscillation depth decreased when the pump power
was increased from the threshold to the 12.3 W. Then
the pulse envelope broadened slightly after the pump
power of 12.3 W, but the mode-locking effect was en-
hanced. With a pump power of 14.8 W, the pulse was
observed with an almost saturated Ppe,i of 15.5 kW
as shown in Fig. 5(c). Finally, the pulse-to-pulse am-
plitude fluctuation of the Raman output was moni-
tored to be approximately less than +10%.

The temporal behavior and real P, appear to be
available. In fact, with further observation, the

5 ns/div

Fundamental (1064 nm)

T e A~

+—22ns

Mﬂm

Fig. 4. (Color online) Oscilloscope trace with a mode-locking ef-
fect for fundamental and Raman pulses. This figure was recorded
with an incident pump power of 7.6 W at a pulse repetition rate
of 20 kHz.
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Fig. 5. (Color online) Evolvement of pulse shapes dependent on
pump power at a pulse repetition rate of 50 kHz. With incident
pump power of 8.6, 12.3, and 14.8 W, the peak power is (a) 560
W, (b) 13.1 kW, (c¢) 15.5. kW.

FWHM of each mode-locked pulse inside the envel-
ope was 500 -600ps. Narrow mode-locked pulses
might be restricted by the 1 GHz bandwidth of the
oscilloscope and photodetectors. The restriction is
easy to overlook during the experiment. In other
words, the P, could be much higher than what
we calculatedp in our research and in Ref. [19]. How-
ever, a conventional autocorrelator for short-pulse
measurement of a stable cw mode-locked laser can-
not provide reliable measurement results for @-
switched mode-locked lasers. We estimate that the
real-time oscilloscope and photodetectors with an 8 —
10 GHz bandwidth are required for sure tracing of
the time domain. Nevertheless, the high-speed optoe-
lectronic equipment is still being fine tuned and is
not yet available for general use. It will be interest-
ing to study the mechanism and behavior of the com-
pact mode-locked AQS intracavity Raman lasers by
use of undoped YVO, crystals. Compared with the
results from the Nd: YVO,/YVO, Raman laser in al-
most the same AQS scheme, the Nd: YAG/YVO, Ra-
man laser raised the maximum output pulse energy
from 43 to 83ud and the peak power from 14 to
43.5kW [19].

4. Conclusions

In summary, an efficient diode-pumped actively Q-
switched Nd: YAG/YVO, intracavity Raman laser
has been demonstrated. Compared with a similar
Raman laser with another gain medium,
Nd: YVO,, the damage threshold and conversion ef-
ficiency were improved simultaneously. An 1176 nm
average output power of 3.0 W was generated at a
pulse repetition rate of 50 kHz. In addition, the max-
imum SRS conversion efficiency and overall optical-
to-optical conversion efficiency from an 808 nm pump
were as high as 62 - 47% and 21.3 - 18.3% at a PRF
of 20 — 50 kHz. The maximum pulse energy was high-

6678 APPLIED OPTICS / Vol. 47, No. 35 / 10 December 2008

er than 83ud at both 20 and 30kHz. The output
pulses displayed a mode-locking phenomenon that
leads to high peak power. With an incident pump
power of 7.6 W, the underestimated peak power of
43.5kW was demonstrated at 20 kHz.
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Abstract: The effective focal lengths of thermal lens in diode-end-pumped
continuous-wave Nd:YVO, lasers for the ‘Fy»—*l;1, and *“Fyn—Li3p
transitions were determined. The experimental results revealed that the
thermal lensing effect for the 4F3,2—>4I“/2 transition can be sufficiently
improved by employing a single-end diffusion-bonded Nd:YVO, crystal
replacing a conventional Nd:YVO, crystal. However, using a double-end
diffusion-bonded Nd:YVQ, crystal was a great improvement over a single-
end diffusion-bonded Nd:YVO, crystal for the *F3,—*1,3 transition with
stronger thermal lensing effect.
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1. Introduction

Diode-pumped solid-state laser has been adopted widely due to its compactness, high
efficiency, and reliability [1]. Comparing with a diode-side-pumped configuration, the smaller
laser beam waist, higher density of pump power, and inhomogeneous heating make thermal
lensing effect become a serious problem in a diode-end-pumped configuration. The localized
absorption of pump power in a laser crystal leads heat converted from pump power to
accumulate near the pumped facet of laser crystal. The nonuniform temperature distribution of
laser crystal is represented by a parabolic-logarithmic function [2]. The temperature-
dependent variation of refractive index and the end bulging effect make laser crystal act as a
thermal lens [3]. Owing to the nonuniform temperature distribution the temperature gradients
accrue stress that could bring thermal fracture under high pump power operation [3]. There
exists a fracture-limited pump power for laser crystal that makes scaling to a higher average
power be restricted [4]. For a diode-end-pumped solid-state laser, the laser performance
including laser stability, maximum achievable average power, efficiency, and degradation of
laser beam quality is significantly influenced by thermal lensing effect [5-7]. Therefore,
promotion of laser performance can be accomplished by efficient reduction of thermal lensing
effect. End-pumped solid state laser cavity can be designed to optimize the laser performance
by determining the focal length of thermal lens. Several methods for determining the focal
length of thermal lens in diode-end-pumped laser crystal have been presented [8-13]. In the
past few years, employing a composite crystal with nonabsorbing undoped end has been
regarded as a promising method for cooling the laser crystal to improve the laser performance
of diode-pumped solid state laser [14-22]. With the reduction of temperature and stress, a
more uniform longitudinal temperature distribution can be generated to bring out a higher
fracture-limited pump power and a higher average power.

Nd:YVO, crystal has been seen as an excellent laser material for diode-pumped solid-state
laser due to its broad absorption bandwidth and large laser emission cross section at the
4F3,2—>4I“,2 (1064 nm) and 4F3,2—>4II3,2 (1342 nm) transitions. In this work, we measured the
focal lengths of thermal lens for one conventional and two types of composite Nd:YVOy,
crystal, and for the 1064- and 1342-nm transitions. One composite Nd:YVO, crystal is
bounded with an undoped end at its pumped facet, and the other composite crystal is bounded
with undoped ends at its two facets. The composite crystals were fabricated by the method of
diffusion-bonding with high quality on the interface. The simple setup of continuous-wave
(CW) laser was utilized to measure the focal length of thermal lens under easy operation.
While the cavity length was increased to the critical cavity length, the thermal lensing effect
led the laser cavity to become unstable. By finding the critical cavity length, the effective
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focal length of thermal lens can be worked out. We observed that the stronger thermal lensing
effect in Nd:YVOq crystal for the 1342-nm transition than that for the 1064-nm transition due
to the higher thermal loading accompanying the lower conversion efficiency. The power
performance, focal lengths of thermal lens and thermal lensing effects for the three types of
Nd:YVO;, crystal for the 1064 and 1342 nm transitions will be discussed in this work.

2. Experimental setup

The experimental setup shown in Fig. 1 for measuring effective focal lengths of thermal lens
in a diode-end-pumped laser crystal is the setup of normal CW Nd:YVO, laser. The output
coupler connected with a stepper motor can be moved in the longitudinal direction to change
the cavity length. The cavity length can be changed from 2.5 to 50 cm by controlling the
stepper motor. The laser crystal was pumped by an 808-nm fiber-coupled laser diode with a
core diameter of 0.8 mm, a numerical aperture of 0.16, and the maximum output power was
22 W. The pump beam was reimaged into the laser crystal and the radius was about 0.4 mm.
The laser crystal was wrapped in indium foil and mounted on water-cooled copper blocks.
The water temperature was maintained at 17°C. The entrance face of the 500-mm radius-of-
curvature concave front mirror was coated for antireflection at the pump wavelength of
808nm (R<0.2%) and the other face was coated for high-transmission at 808 nm (T>90%) as
well as high-reflection (R>99.8%) at the lasing wavelength. In this work, we consider the
thermal lensing effect for the diode-end-pumped CW Nd:YVO, lasers operated at 1064 and
1342 nm. The individual coatings of front mirrors and output couplers were required for
achievement of different lasing wavelengths. The two flat output couplers had the reflectance
of 88% at 1064 and 92% at 1342 nm used for CW 1064 and 1342 nm lasers, respectively.

output coupler
front mirror Damnd

H H
ilaser crystal H
! 1
:47 d2 —l

1
! 1

focusing
lens unit

fiber coupled
laser diode

1
1
I
1
—

d

1

Fig. 1. Experimental setup of a diode-end-pumped Nd:YVO, CW laser for measuring the
effective focal length of thermal lens in the laser crystal.

Figure 2 shows the three types of a-cut Nd:YVOy laser crystal employed in this work. Fig.
2(a) shows a 3 mm x 3 mm x 9 mm, 0.27-at.% Nd:YVO, crystal. Fig. 2(b) shows a 4 mm x 4
mm X 12 mm diffusion-bonded crystal called YVO,-Nd:YVO, with single 2.7-mm-long
undoped YVO,end at the pumped facet of 0.3-at.% active Nd:Y VO, crystal. Fig. 2(c) shows a
4 mm X 4 mm x 14 mm diffusion-bonded crystal called YVO4-Nd:YVO,-YVO, with double
2.1-mm-long undoped YVO, end bonded to the both facets of 0.3-at.% active Nd:YVO,
crystal. The Nd concentration was measured by the company supplying the crystals. Both
sides of the three crystals were coated for antireflection at 1064 and 1342 nm (R<0.2%).

(@ (b) (c)

— My i

Nd:YVO t t t
4 YVo, Nd:YVO, YVO, Nd:YVO, YvO,

Fig. 2. The three types of laser crystal with different structures. (a) Conventional Nd:YVO,
crystal. (b) Diffusion-bonded Nd:YVO, crystal with single-end at its pumped facet (YVO,-
Nd:YVO,). (c) Diffusion-bonded Nd:Y VO, crystal with double-end (YVO4-Nd:YVO,-YVO,).
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3. Experimental results and discussions

The laser performance of diode-end-pumped solid-state laser was strongly affected by thermal
lensing effect. Figure 3 and Fig. 4 depict experimentally measured average CW power of
1064 and 1342 nm with respect to the cavity length for the three types of Nd:YVO, crystal
under individual pump power, respectively. The sign of P;, in the Fig. 3 and Fig. 4 means the
input pump power. The average CW power was optimized at the cavity length of 2.5 cm with
pump power of 8.32 and 7.61 W for 1064 and 1342 nm, respectively. In order to make sure
that the transverse mode was the TEMy, mode without high-order mode, the optimization was
done near the pump threshold. Note that while the cavity length was increased and the power
was decreased rapidly, optimizing average power was not allowed. It is because the
extraordinary high-order mode may compensate the power decay from thermal lensing effect.
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Fig. 3. Experimentally measured average CW output power of 1064 nm with respect to the
cavity length for the three types of Nd:YVO, laser crystal with an input pump power (a)
Pin=10.4W (b) Pin=20.2W. The arrows indicate the locations of critical cavity length.

18 T T T T 6 T T T T
P,=7.61W —A— YVO,Nd:YVO,-YVO, P, =16.4W —A— YVO,-Nd:YVO,-YVO,
15f YVO,Nd:YVO, 1 5r YVO,-Nd:YVO, 1
—0— Nd:YVO, —o— Nd:YVO,

121
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Fig. 4. Experimentally measured average CW output power of 1342 nm with respect to the
cavity length for the three types of Nd:YVO, laser crystal with an input pump power (a)
Pin=7.61W (b) Pin=16.4W. The arrows indicate the locations of critical cavity length.

While the cavity length was increased to a critical cavity length, the strong thermal lensing
effect caused the laser cavity to become unstable. The relationships between average CW
output power and cavity length are shown as Fig. 3 and Fig. 4. The maximum power at short
cavity of the conventional crystal was much lower than that of the other two composite
crystals mainly due to the difference in dopant concentration. The critical cavity length is
determined based on unified criterion that the output power is dropped to the 70% of
maximum power at the stable (short) cavity. The corresponding focal length of thermal lens f;,
is expressed by [23]
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where d; and d, are the distances from the pumped facet of laser crystal to the front mirror and
output coupler, respectively, [ is the length of the laser crystal, n is the refractive index of the
laser crystal, r is the radius of curvature of the front mirror. d; was around 2.4, 1.1, and 1.6
mm for conventional Nd:YVO,, composite YVO,-Nd:YVO,, and YVO,-Nd:YVO,-YVO,,
respectively, and was fixed during the experiments. We substitute the critical cavity lengths in
terms of d; and d; into the Eq. (1) to get the effective focal lengths of thermal lens f;,. Even
though this easy experimental method can not give an absolutely accurate f;, the relative
precision is sufficient to make comparison of thermal properties. The experimentally obtained
[ are plotted as symbols in Fig. 5. According to the theoretical thermal modeling of CW end-
pumped solid-state laser presented by Innocenzi et al., the effective focal length can be
approximately expressed by [24]

Ko’ { 1 }_ Co,’

— 4
In = Ep dnidr)| 1—expaly | P, )

where K is the thermal conductivity, @ is the pump-beam radius in the active medium in the
unit of mm, ¢ is the fractional thermal loading, P;, is the pump power in the unit of watt (W),
(dn/dT) is the thermal-optical coefficient of n, a is the absorption coefficient, /, is the length
of the active medium, C is a proportional constant in the unit of W/mm. Because the thermal

conductivity of YVOQ, in the b- and c-axis of 5.1 and 5.23 W/mK are very close, respectively,

it can be seen as a radial symmetry thermal model [4]. The Innocenzi model for rod-type
crystal is available here. The Eq. (2) is used to fit the experimental data and the theoretical
fitted curves with the approximate corresponding constants C are depicted in Fig. 5.
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Fig. 5. The relationship between the effective focal length of thermal lens and the input pump
power for three types of Nd:YVO, crystal operated at (a) 1064 (b) 1342 nm. The symbols
represent experimental data and the curves are theoretical fitted results.

The constants C of the conventional Nd:YVO,, composite YVO4-Nd:YVO,, and YVO,-
Nd:YVO,-YVO, for the 1064-nm transition are 4.9%10%, 11x10* and 11x10* W/mm,
respectively. The constants C of the conventional Nd:YVOQ,, composite YVO,-Nd:YVO,, and
YVO,4-Nd:YVO,-YVO, for the 1342-nm transition are 2.1% 10%, 2.5%10%, and 3.4x% 10* W/mm,

respectively. The bigger constant C which represents the longer focal length of thermal lens
means the weaker thermal lensing effect. The increase of the pump power enhanced the
thermal lensing effect. With the equal pump power, the focal length of thermal lens for CW
1342-nm laser was shorter than that for CW 1064-nm laser due to the higher thermal loading.
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The higher thermal loading accompanying the lower conversion efficiency was mainly
attributed to the higher quantum defect for the longer laser wavelength.

According to the above-mentioned constants C, it is proven that both the focal lengths of
thermal lens in the YVO,-Nd:YVO, and YVO4Nd:YVO,-YVO, were increased by nearly
2.2-times that in the conventional Nd:YVQ, for the 1064-nm transition. The focal lengths of
thermal lens in the YVO4-Nd:YVO, and YVO,-Nd:YVO,-YVO, were increased by nearly 1.2
and 1.6-times that in the conventional Nd:YVO, for the 1342-nm transition, respectively.
Even though the ability of thermal diffusivity in a laser crystal with bigger cross section was
inferior [16, 25], the focal lengths of thermal lens in the two composite Nd:YVO;, crystals
were longer than that in the conventional Nd:YVO, crystal. In addition, we discuss the
influence of different dopant concentration and the length of active medium on the thermal
lens. The absorption coefficient « for a typical laser diode with the center wavelength of 808
nm is expressed by [4]

a=2-N, (mm") 3)

where N, is the Nd dopant concentration in the unit of %. The values of al were 4.86, 5.58,
and 5.88 for the conventional Nd:YVO,, the composite YVO,-Nd:YVO,, and YVO,-
Nd:YVO,-YVO,, respectively. According to the Eq. (2), the bigger value of o/ represents the

shorter focal length of thermal lens. But the differences in the value of [1-exp(-a/)]” between

the three crystals was below 0.5 % and could be ignored. Further, the influence of different
cross section on the thermal diffusivity was small for edge cooling system. Even we consider
the influence, the conventional crystal with small cross section would have better thermal
diffusivity and the conclusion does not be changed. Therefore, it is seen that the improvement
of thermal lensing effect contributed by employing the two diffusion-bonded Nd:YVO,
crystals greatly overcame the disadvantage of the bigger cross section.

The experimental results revealed that the thermal lensing effect in the YVO,-Nd:YVO,
was nearly equal to that in the YVO,-Nd:YVO,-YVO, for the highest efficient 1064-nm
transition. Therefore only single undoped end at the pumped facet of laser crystal was
sufficient for improving the thermal lensing effect to increase the effective focal length of
thermal lens to nearly 2.2 times that of the conventional Nd:YVO, crystal for CW 1064-nm
laser. However, the improvement in thermal lensing effect of the YVO,-Nd:YVO,-YVO,
noticeably outperformed that of the YVO,-Nd:Y VO, for the 1342-nm transition. As a result of
the stronger thermal lensing effect for the 1342-nm transition, the double undoped ends
bonded to the both facets of active medium were essential for assisting thermal diffusing to
increase the effective focal length of thermal lens to nearly 1.6 times that of the conventional
Nd:YVO;, crystal.

4. Conclusion

The comparison of thermal lensing effects between diffusion-bonded YVO4-Nd:YVO, and
YVO4Nd:YVO4-YVO, crystals with single- and double-end, respectively, was demonstrated
by measuring the effective focal lengths of thermal lens. The both types of diffusion-bonded
crystal could improve the thermal lensing effects of conventional Nd:YVO, crystal. The
YVO4-Nd:YVO, was capable of accomplishing the improvement in thermal lensing effect of
YVO,-Nd:YVO,-YVO, for the 1064-nm transition. However, the improvement of YVOy-
Nd:YVO,-YVO, remarkably towered over that of YVO,-Nd:YVO, for the 1342-nm transition
with stronger thermal lensing effect. Therefore YVO4-Nd:YVO, and YVO,-Nd:YVO,-YVO,
crystals can serve as promising substitutes for a conventional Nd:YVOQ, crystal to reduce
thermal lensing effect and scale to a higher average power of diode-end-pumped CW
Nd:YVO;, lasers operated at 1064 and 1342 nm, respectively.
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Abstract: We theoretically verify that the threshold of an intracavity optical
parametric oscillator pumped by a passively Q-switched laser is entirely
controlled by the bleach of the saturable absorber not by the signal output
reflectivity. We use a series of different output couplers to optimize the
output performance. With a signal output reflectivity of 15%, we
experimentally achieve an efficient subnanosecond eye-safe laser with 3.3
mJ pulse energy and 1.5 MW peak power.
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1. Introduction

Human exposure is usually inevitable in many applications such as laser radar, remote sensing,
rangefinder, target designation, and laser countermeasures; consequently, protection again
injury of the eye is one of the most important issues [1-3]. Since water absorption in eye tissue
and the intraocular fluid prevents light in the spectral range of 1.4-1.8 um from reaching the
retina, there is a considerable interest in compact laser sources with wavelengths in this eye-
safe regime. One of the most promising approaches for high-peak-power eye-safe laser
sources is based on intracavity optical parametric oscillators (OPO) [4-15]. The advent of high
damage threshold nonlinear crystals and diode-pumped Nd-doped lasers leads to a renaissance
of interest in intracavity OPO’s. In recent years, a number of efficient eye-safe intracavity
OPOs pumped by actively [5-7] or passively [8-10] Q-switched Nd-doped lasers have been
demonstrated to produce pulse energies of tens of puJ with pulse peak powers of 1-100 kW.
Nevertheless, eye-safe laser systems with pulse energies in the mJ range and peak powers
greater than MW are indispensable for the many long-distance applications [11-15].

The intracavity OPOs are mostly constructed with the coupled cavity configuration in
which the resonators for the signal and fundamental wave fields are separate. Recently, it was
found [16,17] that the shared cavity configuration in which the pump and signal beams share
the same resonator provides a substantially superior amplitude stability, in comparison with
the coupled cavity configuration. Even so, the maximum peak power in a shared cavity is
usually several times lower than that in a coupled cavity under the circumstance of the same
output coupler. Therefore, it is a practical interest to explore an intracavity OPO in a shared
resonator in quest of optimal pulse energies and peak powers.

Here, for what is believed to be the first time, a subnanosecond m] eye-safe laser is
experimentally demonstrated with an intracavity OPO pumped in a shared resonator. We first
confirm that the threshold of an intracavity OPO pumped by a passively Q-switched laser is
essentially determined by the bleach of the saturable absorber not by the signal output
reflectivity. As a result, a series of different output couplers are used to ascertain the design
criteria for the output optimization. With a signal output reflectivity of 15%, we realize an
efficient subnanosecond eye-safe laser with 3.3 mJ pulse energy and 1.5 MW peak power.

2. Experimental setup

Figure 1 shows the experimental setup for an intracavity OPO pumped by a high-power quasi-
continuous-wave (QCW) diode-pumped passively Q-switched Nd:YAG laser in a shared
resonator. The fundamental laser cavity was formed by a coated Nd:YAG crystal and an
output coupler. The OPO cavity entirely overlapped with the fundamental laser cavity. The
pump source is a high-power QCW diode stack (Quantel Laser Diodes) that consists of three
10-mm-long diode bars generating 130 W per bar, for a total of 390 W at the central
wavelength of 808 nm. The diode stack is designed with 0.4 mm spacing between the diode
bars so the overall area of emission is approximately 10 mm (slow axis) x 0.8 mm (fast axis).
The full divergence angles in the fast and slow axes are approximately 35° and 10°
respectively. A lens duct was exploited to couple the pump light from the diode stack into the
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laser crystal. The lens duct has the benefits of simple structure, high coupling efficiency, and
unaffected by slight misalignment. The geometric parameters of a lens duct include r, L, H,,
H,, and H;, where r is the radius of the input surface, L is the length of the duct, H, is the
width of the input surface, H, is the width of the output surface, and Hj; is the thickness of the
duct [18, 19]. Here a lens duct with the parameters of r = 10 mm, L = 32 mm, H; = 12 mm,
H,= 2.7 mm, and H;= 2.7 mm was manufactured and used in the experiment. The coupling
efficiency of this lens duct is found to be approximately 85%.

Lens duct Output coupler

Nd:YAG KTP Cr*:YAG

HR@1064 nm (R>99.8%) HR@ 1064 nm (R>99.8%)

HR@ 1573 nm (R>99%) PR@1573 nm
HT @808 nm (T>90%)

Quasi-cw
Diode stacks

Fig. 1. Experimental setup for an intracavity OPO pumped by a high-power QCW diode-
pumped passively Q-switched Nd:YAG laser in a shared resonator.

The gain medium was a 1.0 at. % Nd:YAG crystal with a diameter of 5 mm and a length
of 10 mm. The incident surface of the laser crystal was coated to be highly reflective at 1064
nm and 1573 nm (R>99.8%) and highly transmitted at the pump wavelength of 808 nm
(T>90%). The other surface of the laser crystal was coated to be antireflective at 1064 nm
and 1573 nm (R<0.2%). The nonlinear material for the intracavity OPO was an x-cut KTP
crystal with a size of 4x4x20 mm’. The saturable absorber for the passive Q-switching was a
Cr**:YAG crystal with a thickness of 3 mm and an initial transmission of 60% at 1064 nm.
Both surfaces of the KTP and Cr**:YAG crystals were coated for antireflection at 1573 nm
and 1064 nm. All crystals were wrapped with indium foil and mounted in conductively
cooled copper blocks. The output coupler had a dichroic coating that was highly reflective at
1064 nm (R > 99.8%) and partially reflective at 1573 nm. Several output couplers with
different reflectivities (10% < Rs < 70%) at 1573 nm were used in the experiment to
investigate the output optimization. The total cavity length was approximately 5.5 cm. The
pulse temporal behavior at 1063 nm and 1571 nm was recorded by a LeCroy digital
oscilloscope (Wavepro 7100; 10 G samples/sec; 1 GHz bandwidth) with a fast InGaAs
photodiode. The spectral information was monitored by an optical spectrum analyzer
(Advantest Q8381A) that employs a diffraction grating monochromator to for measure high-
speed light pulses with the resolution of 0.1 nm. In all investigations, the diode stack was
driven to emit optical pulses 250 ps long, at a repetition rate less than 40 Hz, with a
maximum duty cycle of 1%.

3. Theoretical analysis

The advantage of the intracavity OPO mainly consists in the exploit of high photon density of
the fundamental wave. First of all, we analyze the maximum value of the intracavity photon
density for the fundamental wave in a passively Q-switched laser. Next, we verify that the
intracavity photon density of the present laser cavity can generally exceed the threshold of a
singly resonant intracavity OPO by far, even though the reflectivity of the output mirror at
the signal wavelength is nearly zero. In a passively Q-switched laser with a fast Q-switching
condition, the maximum value of the intracavity photon density of the fundamental wave can
be expressed as [20]
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is the initial population density in the gain medium; o is the stimulated emission cross section
of the gain medium; /,, is the length of the gain medium; I, is the cavity length; T, is the
initial transmission of the saturable absorber; o,, and o, are the ground-state and excited-
state absorption cross sections in the saturable absorber, respectively; R is the reflectivity of
the output mirror at the fundamental wavelength; and L is the nonsaturable intracavity round-
trip loss. With the properties of the Nd:YAG and Cr**:YAG crystals and the typical cavity
parameters: o = 2.8x10™" cm? Ogs = 8.7x10™" cm?, O, = 2.2x107" em?, ligy=55cm, R =
99.8%, T, = 0.6, and L = 0.01, it can be found that ¢, canbe up to 1.56x10"" cm”.

With Brosnan and Byer’s equation [21], the threshold photon density for the double-pass
pumped, single resonant OPO is derived to be given by

1
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where g, is the mode coupling coefficient, y is the ratio of backward to forward pump
amplitude in the cavity; w;, w, and w; are the signal, idler and pump frequencies,
respectively;, n, and n; are the refractive indices at the signal, idler and pump wavelengths,
respectively; 7, is the FWHM of the pump pulse; d.4 is the effective non-linear coefficient; &y
is the vacuum permittivity; c is the speed of light; /,; is the length of the nonlinear crystal; L is
the round-trip signal wave intensity loss in the cavity; and Ry is the output reflectivity at the
signal wavelength.

Figure 2 depicts the calculated results for the dependence of the threshold photon
density ¢,(R;) on the output reflectivity R, with the properties of the KTP crystal and the

typical cavity parameters: w; = 1.198x10" sec”, w,= 5.712x10" sec”', hws = 1.865x10™" J,

dey=3.64 pm/V, [,,=20 cm, n; = 1.737 n,= 1.771, n3=1.748, y= 8.854 pF/m, L, = 0.01, y =
09,g,=09, 7,=10ns and ¢ = 3x10® m/s. It can be seen that the threshold photon density
@m increases from 6x10" cm™ to 6x10' cm™ for the reflectivity R, varying from 99.9% to
0.1%. As analyzed earlier, the obtainable intracavity photon density of the fundamental wave
generally exceeds 10'" cm™. Therefore, the intracavity OPO for any value of R, can be
promisingly generated in the shared cavity, as long as the pump energy can excite the
fundamental wave to bleach the saturable absorber and to overcome the lasing threshold.
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Fig. 2. Calculated results for the dependence of the threshold photon density on the output
reflectivity R;.

4. Experimental results and discussions

Figure 3 shows the experimental results for the threshold pump energy versus the OPO
output reflectivity. Experimental results confirm that the threshold pump energy is
determined by the bleach of the saturable absorber not by the signal output reflectivity.
Consequently, a wide range of the signal output reflectivity can be used to optimize the
output performance. Figure 4 depicts the experimental results for the pulse energy of the
signal output versus the signal output reflectivity. The optimal output reflectivity for the
output pulse energy can be found to be within R, =40-50%. With the optimum output
coupler, the conversion efficiency from the diode input energy to the signal output energy is
approximately 7%, which is slightly superior to the efficiency of 4—6% obtained in a coupled
cavity [15].

100 T T T

80 - 1

60 |- 1

a0 4

Pump threshold energy (mlJ)

20 - 1

0 1 1 1 1
0.0 0.2 0.4 0.6 0.8 1.0

Output reflectivity at 1.57 pm
Fig. 3. Experimental results for the threshold pump energy versus the OPO output reflectivity.

5 T T

Output pulse energy (mJ)

0 1 1 1 1
0.0 0.2 0.4 0.6 0.8 1.0

Output reflectivity at 1.57 um

Fig. 4. Experimental results for the pulse energy of the signal output versus the OPO output
reflectivity.
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Figures 5(a)-(c) show the experimental results for the temporal shapes of the
fundamental and the signal pulses obtained with three different output couplers. It can be
seen that the pulse durations of the signal output are 4.4 ns, 2.1 ns, and 0.85 ns for R=60%,
50%, and 15%, respectively. The pulse width obtained with R, = 15% is 2.4 times shorter
than that obtained with R, = 50%; however, the pulse energy is only 20% less than the
maximum value. In other words, the peak power reached with R; = 15% can be nearly two
times higher than that obtained with Ry = 50%. To be more accurate, the output peak was
calculated with the experimental pulse energy and the numerical integration of the measured
temporal pulse profile. Figure 6 depicts the experimental results for the peak power of the
signal output versus the OPO output reflectivity. The optimal output reflectivity for the
output peak power can be found to be within R, =10-20%. With the optimum output coupler,
the maximum peak power can be up to 1.5 MW.

(a) R=60% : 20 ns/div | | (b) R=50% 20ns/div | | (©) R=15% 20 ns/div |
: | oy ‘
N 1064nm I / = -xww‘m__!
VL i =) - [\mrinad. 1064 nm I I 1064 nm™
‘ Lol e N
..... oot

\ | i —«— 0.85ns
—’F—44n‘5 1\4—2.1 ns |
L] el 1_§,Zjllf,udd___ ) e 1573 nm I J‘”\a <S5 H—”_ P

2.0 T T T T

Output peak power (MW)

0.0 0.2 04 06 0.8 1.0

Output reflectivity at 1.57 pm

Fig. 6. experimental results for the peak power of the signal output versus the OPO output
reflectivity.

5. Summary

In summary, we have theoretically and experimentally explored the output performance of an
intracavity OPO in a shared cavity configuration. The threshold of an intracavity OPO pumped
by a passively Q-switched Nd:YAG laser has been verified to be utterly controlled by the
bleach of the saturable absorber not by the signal output reflectivity. Based on thorough
experimental studies, we found that an efficient subnanosecond eye-safe laser with 3.3 mJ
pulse energy and 1.5 MW peak power could be achieved with a signal output reflectivity of
15%.

Acknowledgments

The authors also thank the National Science Council for their financial support of this research
under Contract No. NSC-97-2112-M-009-016-MY3.

(C) 2009 OSA 2 February 2009/ Vol. 17, No. 3/ OPTICS EXPRESS 1556



Compact efficient Q-switched eye-safe laser at
1525 nm with a double-end diffusion-bonded
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Abstract: We report on an efficient Q-switched eye-safe laser at 1525 nm
with a double-end diffusion-bonded Nd:YVO, crystal as a self-Raman gain
medium. A diffusion-bonded crystal not only reduces the thermal effects but
also increase the interaction length for the stimulated Raman scattering.
With an input pump power of 17.2 W, average power of 2.23 W at the first-
Stokes wavelength of 1525 nm is generated at a pulse repetition rate of 40
kHz, corresponding to a conversion efficiency of 13%.
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1. Introduction

Since water absorption in eye tissue and the intraocular fluid prevents light in the spectral
range of 1.4-1.8 pm from reaching the retina, there is a considerable interest in compact laser
sources with wavelengths in this eye-safe regime. The methods of generating eye-safe laser
include optical parametric oscillators [1-4], Er**, Cr*, and Yb** doped solid-state laser [5-7],
and stimulated Raman scattering (SRS) [8-15]. SRS has been convinced to be a promising
method for wavelength conversion in solid-state lasers [16-18]. The discovery of new Raman
materials gives birth to the laser sources at new wavelengths. In the recent years, eye-safe
lasers from SRS frequency conversion have been successfully demonstrated in several Raman
materials such as Ba(NOs3),, Nd:YVO,, Nd:GdVO,, Nd:StWO,, Nd:KGWQO,, BaWQ,, and
PbWO, [8-15]. The laser crystal simultaneously serving as a Raman crystal can provide the
advantage of compactness and simplicity for an intracavity SRS laser [19,20]. The laser
emission at wavelengths of 1176 and 1525 nm based on self-SRS action in 1064- and 1342-
nm actively Q-switched Nd:YVOy, laser have been reported, respectively [9, 21-22]. However,
the overall performance is hindered by the thermal effects because the Raman gain coefficient
decreases substantially with increasing temperature above room temperature [21]. Therefore,
to improve the thermal effects in the gain medium is critically important for developing self-
Raman solid-state lasers.

In the past few years, the thermal effects have been verified to be efficiently improved by
using the so-called composite crystal as a gain medium. The composite crystal is fabricated by
the diffusion bonding of a doped crystal to an undoped crystal with the same cross section
[23-29]. To the best of our knowledge, the composite crystal has not been applied to the self-
Raman laser systems. In this work, we employ a double-end diffusion-bonded Nd:YVO,
crystal to investigate the output performance of the self-Raman laser at 1525 nm. With an
input pump power of 17.2 W, the maximum average power at 1525 nm is 2.23 W at a pulse
repetition rate of 40 kHz, corresponding to conversion efficiency of 13%. The maximum
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average output power with the composite crystal is found to be nearly 40% higher than that
with a conventional Nd:Y VO, crystal at the same pulse repetition rate.

2. Experimental setup

The experimental setup of a diode-pumped actively Q-switched eye-safe Raman laser
employing a composite Nd:YVOy, crystal is shown in Fig. 1. The laser crystal is an a-cut 4
mm X 4 mm X 20 mm double-end diffusion-bonded Nd:YVO, crystal bounded with one 2-
mm-long undoped YVO, end at the pumped facet of 0.3-at.% Nd’*-doped Nd:YVO, crystal
and one 8-mm-long undoped YVO, end at the other facet. The laser crystal is supplied by
Witcore Co., Ltd. With the 1342-nm fundamental pump wavelength, the wavelength of the
first-Stokes component for the YVO, Stokes shift at 890-cm™ can be calculated to be around
1525 nm. The front and output coupler are designed for the first-Stokes generation. Both sides
of the laser crystal are coated for antireflection at 1330-1530 nm (R<0.2%). In addition, the
laser crystal is wrapped with indium foil and mounted in a water-cooled copper block. The water
temperature was maintained at 22°C. The front mirror is a 500-mm radius-of-curvature concave
mirror with antireflection coating at 808 nm on the entrance face (R<0.2%), high-transmission
(HT) coating at 808 nm (T>90%), and high-reflection (HR) coating at 1342 and 1525 nm on
the other face (R>99.8%). The output coupler is a flat mirror with high-reflection coating at
1342 nm and partial-reflection (PR) coating at 1525 nm (R=65%). The pump source is an
808-nm fiber-coupled laser diode with a core diameter of 600 pm, a numerical aperture of
0.16, and a maximum power of 17.2 W. The pump beam is reimaged at the laser active
medium and the waist radius is nearly 250 pum. The 30-mm-long acousto-optic Q-switcher
(NEOS Technologies) had antireflectance coatings at 1342 nm on both faces and was driven
at a 27.12-MHz center frequency with 15.0 W of rf power. The overall laser cavity length is
75 mm.

front mirror output coupler
AO Q-switch

[
| I—

laser diode : focusing = yvo,-Nd:Yvo,-Yvo,

lens unit T
HR@1342nm (R>99.8%)

HR@1342~1525nm (R>99.8%) PR@1525nm (R=65%)
HT@808nm (T>90%)

eye-safe laser

Fig. 1. Experimental setup of a diode-end-pumped actively Q-switched Nd:Y VO, Raman laser.
3. Experimental results and discussions

We firstly used a simple laser setup for CW operation at 1342 nm to investigate the
improvement of the thermal lensing effect in a double-end diffusion-bonded Nd:Y VO, crystal
[30]. For this investigation an output coupler with partial reflection at 1342 nm was used
instead of the above-mentioned Raman cavity output coupler. The optimum reflectivity of the
output coupler was found to be approximately 92-94%. The effective focal lengths of the
thermal lens were estimated based on the fact that the laser system would start unstable for a
cavity length longer than the critical length related to the thermal lensing. Even though the
absolute accuracy is not easily achieved, this method is confirmed to provide the high relative
accuracy for the effective focal lengths of the thermal lens [30]. Figure 2 shows the
experimental data and fitted lines of thermal lensing power in a conventional crystal and a
double-end diffusion-bonded crystal with the same dopant concentration. It can be seen that
the effective focal length in a double-end diffusion-bonded crystal is nearly 1.6 times that in a
conventional Nd:YVO, crystal. As a result, the thermal effects can be substantiated to be
significantly reduced in a double-end diffusion-bonded crystal.
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When the Raman cavity output coupler was used in the laser cavity, the pumping
threshold for the Raman laser output was found to be 2-3 W for the pulse repetition rates
within 20-40 kHz. The beam quality factor was found to be better than 1.5 over the entire
operating region. The spectrum of laser output is measured by an optical spectrum analyzer
(Advantest Q8381A) employing a diffraction lattice monochromator with a resolution of 0.1
nm. As shown in Fig. 3, the optical spectrum for the actively Q-switched self-Raman output
displayed that the fundamental laser emission was at 1342 nm and the Stokes component was
at 1525 nm. The frequency shift between Stokes and laser lines is in good agreement with the
optical vibration modes of tetrahedral VO, - jonic groups (890 cm'l) [19].

8 T T T

O double-end
O conventional

6 9 12 15 18
Input pump power (W)

Fig. 2. Dependences of thermal lensing power on input pump power for conventional and
double-end diffusion-bonded Nd:YVO, CW laser at 1342 nm.
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Fig. 3. Optical spectrum of the diode-pumped actively Q-switch Nd:YVO, self-Raman laser.

Figure 4 shows the experimental results of the average output power at 1525 nm with
respect to the input pump power for the present self-Raman laser at pulse repetition rates of 20
and 40 kHz. For comparison, the previous results obtained by Chen [9] with a conventional
0.2%-doped Nd:YVOj, crystal at a repetition rate of 20 kHz is also depicted in the same figure.
Note that there were no experimental data for a conventional 0.2%-doped Nd:YVO, crystal at
a pulse repetition rate of 40 kHz because of the high lasing threshold. It can be seen that the
Raman lasing threshold for a double-end diffusion-bonded Nd:YVO, crystal is approximately
2.0 W that is substantially lower than the lasing threshold of 8.5 W for a conventional
Nd:YVO, crystal at the repetition rate of 20 kHz. Moreover, the lasing threshold at a pulse
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repetition rate of 40 kHz for present self-Raman laser is below 3.0 W. A rather low lasing
threshold for high pulse repetition rates comes from the fact that the undoped part of the
composite crystal increases the interaction length and then enhances the Raman gain.

It has been experimentally evidenced that the maximum output power for a conventional
self-Raman laser is limited by the critical pump power that induces a large temperature
gradient in the gain medium to lead to the Raman gain lower than the cavity losses [21].
Consequently, the output power begins to saturate when the pump power exceeds the critical
pump power. As shown in Fig. 4, the critical pump power for the self-Raman laser with a
double-end diffusion-bonded Nd:YVO, crystal can exceed 17.2 W that is limited by the
available pump power and is considerably greater than the critical pump power of 13.5 W
with a conventional Nd:YVOy crystal. As a result, the self-Raman laser with a double-end
diffusion-bonded Nd:YVO, crystal can generate the maximum average output power up to
1.72 W that is approximately 43% higher than the result with a conventional 0.2 %-doped
Nd:YVO, crystal [9]. At a repetition rate of 40 kHz, the maximum power at 1525 nm is even
up to 2.23 W with an input pump power of 17.2 W, corresponding to a conversion efficiency
of 13%. To the best of our knowledge, this is the highest average power for diode-pumped
eye-safe self-Raman laser.
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Fig. 4. The average output power at 1525 nm with respect to the input pump power at pulse
repetition rates of 20 and 40 kHz shown as the down-triangle and circle symbols respectively
for the double-end diffusion-bonded Nd:Y VO, crystal and that at 20 kHz shown as the square
symbol for a conventional Nd:YVOj crystal reported by Chen [9].

The temporal traces for the fundamental and Raman pulses are recorded by a LeCroy
digital oscilloscope (Wavepro 7100, 10 Gsamples/s, 1-GHz bandwidth) with two fast p-i-n
photodiodes. At a repetition rate of 40 kHz the pulse energy is up to 56 pJ with an input pump
power of 17.2 W and the pulse width is measured to be approximately 3.2 ns, as shown in Fig.
5. The corresponding peak power is higher than 17 kW. At the pulse repetition rate of 20 kHz,
the maximum pulse energy is up to 86 pJ. Figure 6 shows the pulse width at a pulse repetition
rate of 20 kHz with a pump power of 17.2 W. It can be seen that although a second tiny
Raman pulse usually follows the main first peak, its contribution is rather limited.
Consequently the peak power can be generally higher than 22 kW. Since the fundamental
energy is remained after first Raman pulse, the sub-pulse of fundamental wave is formed
shown as Fig. 5 and Fig. 6. At a pulse repetition rate of 20 kHz, the remaining energy is
sufficient to reach Raman gain and a second tiny Raman pulse is produced shown as Fig. 6.
The sub-pulse would not be generated if the reflectivity of output coupler was lowered.
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Fig. 5. Temporal characteristics of the fundamental and Raman pulses at a pulse repetition rate
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4. Conclusion

A compact efficient high-power diode-pumped actively Q-switched self-Raman laser at 1525
nm is demonstrated by employing a double-end diffusion-bonded Nd:YVO, crystal.
Experimental results reveal that the composite crystal can reduce the thermal effects to reach a
higher critical pump power. More importantly, the undoped part plays a critical role in
lowering the lasing threshold at high pulse repletion rates because of the increase of the
Raman interaction length. The maximum average output power of 2.23 W at first-Stokes
wavelength of 1525 nm is generated at a pulse repetition rate of 40 kHz, and the pulse width
of Raman pulse is about 3.2 ns with an input pump power of 17.2 W. The corresponding
conversion efficiency and peak power are approximately 13% and 17.4 kW, respectively.
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Abstract: An efficient Q-switched dual-wavelength laser with self-
frequency Raman conversion in composite Nd:YVO, and intracavity sum-
frequency generation in BBO is reported. With an input pump power of 17.5
W, average power of 0.53 W at the first-Stokes 1176 nm and average power
of 1.67 W at the sum-frequency mixed 559 nm are simultaneously generated
at a pulse repetition rate of 100 kHz, corresponding to a total conversion
efficiency of 12.5%.
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1. Introduction

Stimulated Raman scattering (SRS) has been recognized as a promising and practical
approach of wavelength conversion for infrared solid-sate laser [1]. In the recent years, new
laser sources in the spectral range of visible and UV light have been successfully generated by
combining SRS with second-Harmonic-generation (SHG) or sum-frequency-generation (SFG)
[2]. More interestingly and importantly, yellow lights are useful for biomedicine,
ophthalmology and dermatology. To date, the highest yellow average power of 3.14 W at 590
nm for a pulse repetition rate of 10 kHz was obtained by doubling diode-side-pumped
Nd:YAG/BaWOQO, Raman laser [3]. In continuous-wave (CW) operation, the highest yellow
average power of 2.51 W at 586.5 W was generated from intracavity frequency-doubling of a
diode-end-pumped Nd:GdV O, self-Raman laser [4]. Recently, the yellow-green laser near 560
nm has been shown to give excellent excitation of phycoerythrins and low molecular weight
fluorochromes [5]. The methods of generating yellow-green solid-state laser sources include
external-cavity Raman laser pumped by frequency-doubled Nd** lasers, SHG in low-gain
Nd** lasers, frequency-doubled optically pumped semiconductor laser, and SFG or SHG in
infrared Raman lasers. Firstly, He et al. reported on a 532 nm-pumped multi-wavelength
lasers comprising 25-mJ yellow-green emission at 563 nm based on cascade Raman
generation in a Ba(NO;), crystal [6]. Kaminskii et al. reported on a greater than 1-mJ PbWO,
Raman laser at 559 nm pumped by Q-switched frequency-doubled Nd:YAG laser at 532 nm
[7]. Then, Jia et al. reported on a 1.67-W CW laser at 556 nm generated by frequency-
doubling 1112-nm diode-pumped Nd:YAG laser [8]. Réikkonen et al. reported on a 55-mW
yellow-green emission at 561 nm from frequency-doubling of a 1123-nm diode-pumped
passively Q-switched Nd:YAG laser [9]. Hilbich et al. reported on diode-pumped frequency-
doubled optically pumped semiconductor lasers comprising two higher than 100-mW CW
yellow-green emissions at 554 and 565 nm [10]. In addition, selectable-wavelength Q-
switched Nd:YAG/KGW Raman laser with intracavity SFG and SHG in angle-tuned BBO (f3-
BaB,0,) generated average power of 0.77 W at 559 nm presented by Pask et al. [11].

Recently, Nd:YVO, and Nd:GdVO, crystals have been identified as excellent laser gain
media as well as SRS gain media for diode-pumped all-solid-state lasers [12,13]. Quite
recently, the y*-nonlinear generation effects in tetragonal LuVO, vanadates has been
discovered [13,14]. The realization of Nd:YVOQO,, Nd:GdVO,, and Nd:LuVO, self-Raman
lasers have been demonstrated [15-20]. In this work we employ a self-Raman Nd:YVO, laser
to develop an efficient yellow-green laser at 559 nm based on intracavity sum-frequency-
mixing of the 1064-nm fundamental wave and the 1176-nm first-Stokes component. With an
input pump power of 17.5 W, the maximum average power at 559 nm is 1.67 W and the
residual average power at 1176 nm is 0.53 W at a pulse repetition rate of 100 kHz,
corresponding to conversion efficiency of 9.5% and 3%, respectively. To the best of our
knowledge, it is the highest power at 559 nm obtained with intracavity SFG in a self-Raman
laser.

2. Experimental setup

The experimental setup of a diode-end-pumped actively Q-switched Nd:YVO, self-Raman
laser with intracavity SFG is shown in Fig. 1. The pump source is an 808-nm fiber-coupler
laser diode with a core diameter of 600 um, a numerical aperture of 0.16 and a maximum
power of 18 W. The pump beam is focused at the active medium, and the waist radius is
approximately 250 pm. An a-cut 20-mm-long composite 0.3-at.% Nd’*-doped Nd:YVO,
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crystal bounded with a 2-mm-long and an 8-mm-long undoped YVO, ends at its pumped facet
and the other facet, respectively, is simultaneously used as a laser crystal and a self-Raman
medium. With a fundamental pump wavelength of 1064 nm, the wavelength of the first-
Stokes emission in accordance with the YVO, Stokes shift at 890 cm! is calculated to be
around 1176 nm [12]. Both sides of the laser crystal is coated for antireflection at 1000-1200
nm (R<0.2%). The laser cavity is designed for the sum-frequency mixing of the fundamental
wave and the first-Stokes laser. The 10-mm-long type-I BBO crystal with a phase-matching
cutting angle (0 = 22.1° and y = 0°) is used as a sum-frequency mixer. Besides, the composite
Nd:YVO, and BBO crystals are both wrapped with indium foil and mounted in water-cooled
copper blocks. The water temperature is maintained at 20°C. The front mirror M1 is a 500-
mm radius-of-curvature concave mirror with antireflection coating at 808 nm on the entrance
face (R<0.2%), high-transmission coating at 808 nm (T>90%), and high-reflection coating at
1000-1200 nm on the other face (R>99.8%). The 30-mm-long acousto-optic Q-switcher
(NEOS Technologies) had antireflectance coatings at 1064 nm on both faces and was driven
at a 27.12-MHz center frequency with 15.0 W of rf power. The flat intracavity mirror M2 has
high-transmission coating at 1064 nm and 1176 nm (T>95%) as well as high-reflection
coating at 559 nm (R>99.7%). The output coupler M3 is a flat mirror with high-reflection
coating at 1064 nm (R>99.8%), partial-reflection coating at 1176 nm (R = 98.1%), and high-
transmission coating at 559 nm (T>85%). The overall laser cavity length is around 113 mm.

M1 M2 M3
; AO Q-switch n BBO n
L s ’_| ™ output
LA
fiber coupled y : : .
laser diode ocusing  YVO,-Nd: YVO,-YVO,

lens unit

Fig. 1. Experimental setup of a diode-end-pumped actively Q-switched Nd:YVO4/BBO laser
with intracavity self-Raman frequency conversion and sum-frequency generation.

3. Experimental results and discussions

Since it has been verified that the enhancement of Raman gain is attributed from the
significant reduced thermal effects and the increase of the Raman interaction length in a
double-end diffusion-bonded Nd:YVO, crystal [21], we use a double-end diffusion-bonded
Nd:YVO, crystal as a self-Raman gain medium in this work. The two two-mirror cavities are
set up. The first two-mirror cavity with a output coupler having partial-reflection coating at
1064 nm (R = 85%) is used to set up a Q-switched Nd:YVQ, laser at 1064 nm. With an input
pump power of 17.5 W, average power of 8.7 W at 1064 nm is obtained at a pulse repetition
rate of 100 kHz. The second two-mirror cavity with a output coupler having high-reflection
coating at the 1064 nm and partial reflection coating at the first-Stokes component of 1176 nm
(R =56%) is used for the Q-switched Nd:YVOy, self-Raman laser at 1176 nm. The laser cavity
length is 7 cm and the pumping threshold for the Raman laser is 2.7 W to 3.5 W at the pulse
repetition rates of 80 kHz to 120 kHz. With an input pump power of 12.1 W, the average
output power of 3 W and the peak power of 7.6 kW at 1176 nm are achieved at a pulse
repetition rate of 100 kHz, corresponding to a high conversion efficiency of 24.8%. The
average power at 1176 nm and conversion efficiency are 2 times and 1.8 times that of the
Nd:YVO, self-Raman laser with a conventional Nd:YVO, crystal without undoped endcaps,
respectively [15].

After confirming the performance of the Q-switched Raman laser at 1176 nm, the laser
cavity is designed for sum-frequency mixing of the fundamental wave and the first-Stokes
component. The BBO crystal, the intracavity mirror M2, and the output coupler M3 are
inserted in the laser cavity. The cavity alignment and the tilt of BBO crystal must be regulated
to optimize the laser performance. As a result of the high-reflection coating at SFG
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wavelength on mirror M2, the present linear three-mirror-cavity takes the advantages of
reduced loss of SFG emission transmitting through the front mirror M1 as well as reduced
absorption of SFG emission in the Nd:YVO, which lowers the thermal load in the Nd:YVO,
compared to the linear two-mirror-cavity [4]. Additionally, the present laser configuration is
more compact than the three-mirror folded cavity. Note that the present output coupler M3 is
non-optimal for SFG emission. Therefore, a higher output power at SFG wavelength can be
obtained with the optimum output coupler having high-reflection coating at 1176 nm. The
spectrum of laser output is measured by an optical spectrum analyzer (Advantest Q8381A)
employing a diffraction lattice monochromator with a resolution of 0.1 nm. The experimental
optical spectrum of the laser output is shown in Fig. 2, and it can be seen that the main laser
output is the yellow-green laser at 559 nm from sum-frequency-mixing of 1176 and 1064 nm.
The pumping threshold for oscillation at 559 nm is around 4.3 W to 6 W for the pulse
repetition rates of 80 kHz to 120 kHz. The residual laser output is the first-Stokes laser at
1176 nm. The intensity of the fundamental wave at 1064 nm is weak and hard to measure due
to the high-reflection coating at 1064 nm on the output coupler.
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Fig. 2. Optical spectrum of the diode-end-pumped actively Q-switched Nd:YVO./BBO laser.

Figure 3 shows the total average power as well as individual average power at Stokes
wavelength of 1176 nm and SFG wavelength of 559 nm with respect to the input pump power
at a pulse repetition rate of 100 kHz. The M? beam quality factor is found to be less than 2.0
for all pump powers. The average power at 1176 nm is saturated at around 0.55 W with an
input pump power above 12 W. With an input pump power of 12.9 W, the average power of
0.56 W at 1176 nm is obtained, corresponding to a conversion efficiency of 4.3%. However,
increasing input pump power to higher than 12 W is beneficial for enhancing SFG average
power. While the input pump power is increased to 17.5 W, the average power at 559 nm is
up to 1.67 W corresponding to a conversion efficiency of 9.5%. The higher average output at
559 nm and the lower average output power at 1176 nm would be obtained if an output
coupler with high-reflection coating at both 1064 and 1176 nm (R>99.8%) was used.
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Fig. 3. The total average output power as well as individual average output power at 559 and
1176 nm with respect to the input pump power at a pulse repetition rate of 100 kHz.

The temporal traces for the laser emission comprising the fundamental, Raman, and SFG
pulses are recorded by a LeCroy digital oscilloscope (Wavepro 7100, 10 Gsamples/s, 1-GHz
bandwidth) with two fast p-i-n photodiodes. The oscilloscope trace of output pulse trains is
shown in Fig. 4. It can be seen that the pulse-to-pulse amplitude fluctuation is within + 15%.
Note that the vertical scales for the pulses at 1064, 1176, and 559 nm are separate arbitrary
units. The pulse widths of 1176 and 559 nm are measured to be shorter than 55 and 10 ns over
the entire operation, respectively. As shown in Fig. 5, the pulse widths of 1176 and 559 nm
pulses are approximately 32 and 5.4 ns with an input pump power of 17.5 W at a pulse
repetition rate of 100 kHz, respectively. As shown in Fig. 5, the Raman pulse is generated
after SFG pulse. It is because that when the intracavity power density of the fundamental
pulse reaches the SRS threshold, the Raman and fundamental pulses are simultaneously
rapidly converted to SFG pulse. Therefore, there exists a longer time shift of fundamental and
Raman pulses than Raman laser without SFG. In summary, an efficient dual-wavelength Q-
switched laser at 559 and 1176 nm based on self-Raman and intracavity SFG is demonstrated
by using a double-end diffusion-bonded Nd:YVO, crystal and a BBO crystal. At a pulse
repetition rate of 100 kHz, the main average output power of 1.67 W at 559 nm and the
residual average output power of 0.53 W at 1176 nm is generated with an input pump power
of 17.5 W, corresponding to conversion efficiency of 9.5% and 3% and peak power of 3.1 and
0.17 kW, respectively. The total conversion efficiency of SRS and SFG is 12.5%.

Fundamental (1064 nm) 10 p s/div

| | R

Raman (1176 nm)

SFG (559 nm)

Fig. 4. Typical oscilloscope traces of pulse trains at 1064, 1176, and 559 nm.
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4. Conclusion

In conclusion, an efficient yellow-green laser at 559 nm with intracavity SFG in a diode-
pumped Q-switched Nd:YVO, self-Raman laser is demonstrated. We utilize a double-bonded
diffusion-bonded Nd:YVO, crystal as a self-Raman gain medium to improve thermal lensing
effect and enhance the Raman gain. With input pump power of 17.5 W, the maximum average
power at 559 nm is 1.67 W and the average power at 1176 nm is 0.53 W at a pulse repetition
rate of 100 kHz, corresponding to conversion efficiency of 9.5% and 3%, respectively. The
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Fig. 5. Typical oscilloscope traces for output pulses at 1064, 1176, and 559 nm.

peak power of 559 nm pulse amounts to 3.1 kW.
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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.

Front mirror
Laser diode

AO /
. Nd:YAG Q-switch YVO,

Focusing lens ) /
HR@1050~1200nm (R>99.8%) HR@1064 nm
HT@808nm(T>90%) PR@1176nm (R=51%)

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

BN o

100 200 300 400 500 600 700 800 900 1000

Raman shift (cm'1)

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,

w
o
>

g o 20 kHz
£ o5l ) 30 kHz a J
o ’ 2 50 kHz A
D A
g 20} A -
% 15} -
5
% 10} /N -
(0]
%ﬂ A

05 -
>
<

O-O 1 1 & 1 1 1 1
Input power at 808 nm (W)

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!,

20 ps/div

| Fundamental (1064 nm)

Raman (1176 hm)

Fig. 5. Typical oscilloscope trace of a train for fundamental and Raman pulses.
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" PPN r—— J ; Rt |V, R SN (SURRPU, SR
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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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