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High-Power Nd-doped Crystal Lasers with Nonlinear Frequency
Conversion from Eye-Safe to UV and DUV Regimes

Student: Yu-Jen Huang Advisor: Prof. Yung-Fu Chen

Department of Electrophysics
National Chiao Tung University

ABSTRACT

The aim of this thesis is focused on developing compact reliable Nd-doped crystal
lasers near 1 pum based on linear cavity configuration, and these optimized near infrared
lasers are subsequently applied for several nonlinear frequency conversions to
effectively extend the spectrum from eye-safe to deep ultraviolet regimes. First of all,
we take into account of the thermal-lensing effect, second threshold condition, and
parasitic lasing effect to optimize high-peak-power Nd:YVOy, lasers at 1064 nm in the
passively and actively Q-switched operations." We also propose practical and unique
methods to successfully accomplish power scale-up of high-energy passively
Q-switched 1053-nm laser with either a-cut or c-cut Nd:YLF crystals. Pulsed operations
with continuously adjustable pulse repetition rate are further realized with pulsed
pumped passively Q-switched and continuously pumped actively Q-switched Nd:YLF

lasers.

Then, we develop a separable monolithic cavity for intracavity optical parametric
oscillator to remarkably improve the performance of the Nd:YVO,/Cr*:YAG/KTP
eye-safe laser at 1572 nm. The same design concept is also employed for achieving a
compact and efficient high-energy Nd:YLF eye-safe laser at 1552 nm. Besides, we
experimentally find that the thermally induced birefringence can lead the mutually
orthogonal polarization states of the fundamental pulses to be effectively switched for
accomplishing an efficient nonlinear frequency conversion without any additional

polarization control.
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Finally, the optimized Q-switched Nd-doped crystal lasers are employed to
produce green, ultraviolet, and deep ultraviolet radiations via extracavity harmonic
generations. We first compare the output performance between the extracavity and
intracavity second harmonic generations at 532 nm under a similar operated condition.
We further perform extracavity third and fourth harmonic generations to effectually
produce ultraviolet waves at 355 and 351 nm as well as deep ultraviolet radiation at 266
nm with output powers up to several watts. Efficient nonlinear frequency conversions
not only enable us to produce the emission wavelengths from eye-safe to deep
ultraviolet regions, but also confirm the usefulness of our cavity design for Q-switched

lasers at 1 pum.
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Chapter 1 - Background and General Introduction

1.1 Diode-Pumped Solid-State Laser

Diode-pumped solid-state laser is a laser made by pumping a solid gain medium
with a semiconductor laser diode. The first experimental realization of diode-pumped
solid-state laser was in 1964, where the U:CaF, crystal was pumped by the GaAs diode
laser at a temperature of 4 K [1]. It was not until 1972 that the first diode-pumped
solid-state laser at room temperature was achieved with the Nd:YAG crystal [2].
However, diode-pumped solid-state laser was still under relatively slow development
until 1980-1990s, where the rapid advance and growing maturity of high-power,
efficient, reliable laser diode and diode laser array lead to a renaissance of
diode-pumped solid-state laser [3]. Since then, diode-pumped solid-state laser has made
significant progress, and many excellent reviews have been given to comprehensively
discuss the contemporary development and status of diode-pumped solid-state laser

[4-14].

Compared with the traditionally lamp-pumped systems, the major advantages of
the diode-pumping include:

1. Increased component: lifetime (20000 hrs ys. 500 hrs or 10° shots vs. 10’
shots).
Increased overall system efficieney (wall-plug efficiency: 10 % vs. 1 %).
Improved beam quality.
Enabling technology for compact, reliable, robust and versatile laser system.

Enabling technology for new laser materials.

A

Benign operating features of the laser diode such as good amplitude and
spectral stability, low voltage operation, and so on.

7. Increased pulse repetition rate.

Although the laser diode can itself be used in a number of applications, the
solid-state laser have several advantages over the laser diode. For example, the
solid-state laser can operate in wavelength ranges via nonlinear frequency conversion
where the laser diode neither is available nor has good performance. In addition, the
radiation from high-power diode laser array is only partially coherent, while the output
from the solid-state laser pumped by high-power laser diode can potentially achieve a

nearly diffraction-limited beam with higher radiance and singly coherent emission. The
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solid-state laser can store energy in the upper-state level to efficiently generate
high-energy and high-peak-power giant pulses which can not be attained from the laser
diode. The solid-state laser can also have a narrower linewidth than the laser diode with
the same output power. Another feature is the insensitivity of output performance of
solid-state laser to the temperature, while the laser diode has strong dependence (0.3

nm/K) between the emission wavelength and temperature.

The gain medium for diode-pumped solid-state laser consists of two parts, one is
the host material, the other is the active ion [15]. To date, a large number of host
materials have been investigated including glasses, oxides, sapphire, garnets, aluminate,
oxysulfide, phosphates, silicates, tunstates, molybdates, vanadates, beryllates, fluorides,
and ceramics etc. Generally speaking, the host material must have good optical,
mechanical, and thermal properties to endure severe operating conditions for practical
applications. On the other hand, the electron transition in the active ion determines the
spectroscopic properties of the specific, laser crystal, such as the output wavelength,

upper-state lifetime, stimulated emission cross section, gain bandwidth and so on.

The rare earth ions are natural candidates to act-as active ions in the solid-state
laser because they exhibit a wealth of sharp fluorescent transitions covering the
spectrum from visible to infrared (IR) regimes. Electronic structures of energy levels for
various trivalent rare earth ions are illustrated-in Fig. 1.1.1 [16]. Neodymium (Nd) is the
first of the trivalent rare earth ions to be used in the solid-state laser [17], and it remains
by far the most important element to achieve a highly efficient laser operation among all
of active ions. The detailed energy level diagram for the Nd:YV Oy, crystal is depicted in
Fig. 1.1.2 with indications of the possible excitation wavelengths as well as the potential
emission lines. Note that the actual positions of individual Stark levels depend on the
host materials due to different crystal field interactions. It can be found that the AlGaAs
laser diodes with emission lines at 808 and 880 nm are suitable to be used as pump
sources for the Nd-doped crystals, corresponding to the conventional pumping (*Io, —
4F5/2) and direct in-band pumping (419/2 — 4F3/2) [18-25]. On the other hand, the
stimulated emission in the Nd-doped crystal can be categorized into three different
groups with output wavelengths centered around 0.9, 1.06, and 1.3 um, corresponding
to the transition levels from 4F3/2 to 419/2, 4111/2, 4113/2, respectively. In this thesis, we will
focus on the studies of two of widely used Nd-doped laser crystals; that is to say, the
Nd:YVO, and Nd:YLF crystals.
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1.2 Q-Switching

By periodically modulating the cavity loss, the generation of high-energy giant
pulses with durations of a few nanoseconds can be achieved [26,27]. This method is
called Q-switching. In the technique of Q-switching, the energy is initially stored in the
gain medium with the prevention of laser emission by keeping the resonator loss high.
That is, the cavity Q is maintained at a low value. Note that the word “Q” means the
quality factor, which is defined as the ratio of the energy stored in the cavity to the
energy loss per round trip. When the resonator loss is suddenly reduced, the
accumulated gain is considerably higher than the threshold value. As a result, the stored
energy is quickly released in the form of a very intense and short light pulse until the
gain is saturated and the intracavity power decreases again. Figure 1.2.1(a) depicts the
population inversion density, intracavity photon density, and resonator loss as a function

of time during the development of a Q-switched laser pulse.

The temporal behaviors for the population inversion density, intracavity photon
density, and resonator loss can be.readily simulated with the conventional coupled rate

equations as follows:

dN N
—=r—coN¢g, ——, 1.1
7 9, . (1.1)
dg, lo, &, N
=coNgp 2L "L 4+ Q, 1.2
dt ¢p Lcav TCaV T ( )
L (1.3)

Tcuv = 1— >
ln(J + L,
ROC

where N is the population inversion density inside the gain medium, ¢ is the time, 7 is
the pumping rate, c is the light speed, ¢ and 7 are the stimulated emission cross section
and upper-state lifetime of the gain medium, ¢, is the intracavity photon density, /., and
L., are the crystal and cavity lengths, z.,, is the decay time for photon in the resonator,
t-1s the round trip time, Roc is the reflectivity of the output coupler, L is the cavity loss,
and Q accounts for the fraction of spontaneous emission contributing to the laser
emission. By numerically solving the Egs. (1.1)-(1.3) with a periodically step function
for the cavity loss, the temporal dynamics for the population inversion density and

intracavity photon density during the continuously pumped, repetitively Q-switched
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process can be sketched. Figure 1.2.1(a) illustrates the relationship among the
population inversion density, intracavity photon density, resonator loss and time for the
generation of a single Q-switched laser pulse, while a train of giant pulses is displayed

in Fig. 1.2.1(b).

For producing large pulse energy, a high energy capability of the gain medium is
highly desirable. One of the promising characteristics for the solid-state laser over other
types of light sources is the long upper-state lifetimes for bulk crystals. Therefore, a
solid-state laser can store the energy from the pump source for several hundred
microseconds, and subsequently emits an intense pulse with a peak power nearly four
orders of magnitude greater than the pump power. After the first demonstration of the
Q-switched operation with the Ruby crystal [28], high-energy and high-peak-power
Q-switched pulsed lasers with a large variety of solid-state crystals have been widely

investigated and realized with active or passive approaches.
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1.3 Nonlinear Frequency Conversion

Since the unexpected ultraviolet (UV) light at twice the frequency of the Ruby
laser was observed in 1961 [29], a large number of investigations on the nonlinear

optical response of the optical medium have been extensively made. In general, the
induced polarization P for a given optical material depends on the applied electric
field E, which can be expanded in a power series of electric field strength as [30,31]:
P=gyy"F + e,y O FE + 6,y W EEE - = PO 4 PO + PO 4... (14)
where & is the permittivity of free space, ¥/ is the linear susceptibility representing the
linear response of the material, ¥ and ¥ are the second- and third-order nonlinearities
accounting for the nonlinear responses of the material. From the wave equation, a
time-varying polarization can act as the source of new components of the electric field:

. 1 OE? 1 oP?
VE-— = 1.5
c> o’ g, e’ ot (1.5)

with the expression of Eq. (1.4), linear-and several nonlinear responses can be described.
For example, P describes the propagation of a wave in a linear medium rather than a

vacuum. P is responsible for thé optical rectification, second harmonic generation

(SHG), sum and difference frequency. generations, and optical parametric amplification.

P explains the phenomena of third harmonic generation (THG), optical Kerr effect,

stimulated Raman scattering, and stimulated Brillouin scattering.

Lasers with different wavelengths can find their unique usefulness in scientific
research and industrial fields [32-36]. Nonlinear frequency conversion provides an
useful means for extending the spectral range of available solid-state laser sources when
the polarization state and the direction of the beam propagation are specifically designed
to satisfy the phase matching condition. Figure 1.3.1 conceptually illustrates the feasible
fundamental emissions and possible wavelength extensions for the Nd:YLF crystal via
several nonlinear frequency conversion processes. With the improved quality of the
nonlinear crystal as well as the great advance of the laser engineering, a number of light
sources from eye-safe to UV and deep UV (DUV) regimes based on the combination of
the nonlinear frequency conversion and diode-pumped solid-state laser are well
developed and are becoming commercially available. For example, AVIA-series lasers

manufactured by Coherent Inc. can supply the maximum output power of 45 W at 532

9
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nm and 28 W at 355 nm with the pulse repetition rate ranging from 30 to 300 kHz [37].
Another well-known laser supplier, JDSU Inc., designs Q-series products for meeting a
wide variety of industrial applications. Depending on the slightly different operating
conditions, the Q-series products at 355 nm can work in the range 10-130 kHz with the
maximum output power of 12 W, while the ones at 532 nm can operate in the range

5-60 kHz with the maximum output power of approximately 16 W [38].

10
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Fig. 1.3.1. Feasible fundamental emissions and possible wavelength extensions for the

Nd:YLF crystal via several nonlinear frequency conversion processes.

11
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1.4 Overview of Thesis

This thesis is organized as follows. Chapter 1 gives the general introduction to the
property and development of diode-pumped solid-state laser. Operation principles for

Q-switching and nonlinear frequency conversion are also addressed.

Then, the features of commonly used Nd:YVO4 and Nd:YLF crystals are briefly
discussed in 2.1 and 2.4, respectively. For the Nd:YVOy crystal, we take into account of
the thermal-lensing effect and second threshold condition to design a high-peak-power
passively Q-switched (PQS) laser at 1064 nm with the Cr*":YAG crystal as a saturable
absorber. We also consider the parasitic lasing effect and thermal-lensing effect to
optimize a high-peak-power actively Q-switched (AQS) Nd:YVOy laser at 1064 nm. As
for the Nd:YLF crystal, a novel method is proposed to efficiently select the
o-polarization at 1053 nm in the a-cut crystal, and the PQS performance with the
Cr*":YAG crystal is systematically: investigated. for various output couplings. We
further present a practical tactic to scale up the pulse energy of the continuously pumped
PQS laser at the ‘F 30 — 411 112 transition with the c-cut Nd:YLF crystal. Pulsed pumping
is subsequently utilized to reduce the thermal effect and improve the timing jitter of a
mJ- and ns-level PQS Nd:YLF/Cr*:YAG laser. AQS operation in the Nd:YLF crystal is
also realized to provide a sequence of giant pulses with continuously adjustable pulse
repetition rate. It is worthwhile to mention that all of above-mentioned achievements are

optimized on the basis of extremely simple and compact linear cavity configurations.

In previous studies on the eye-safe radiations obtained from the Nd-doped crystal
lasers, shared and coupled cavity configurations for intracavity optical parametric
oscillator (IOPO) are adopted. However, the fundamental IR and eye-safe cavities can
not be optimized independently, which in turn restricts the optical conversion efficiency
and long-term stability. In Chap. 3, we develop a separable monolithic IOPO cavity to
remarkably improve the performance of the PQS Nd:YVO,/Cr*:YAG/KTP eye-safe
laser at 1572 nm. With the same concept, we demonstrate a compact and efficient
high-energy AQS Nd:YLF eye-safe laser at 1552 nm. In addition, it is found that the
thermally induced birefringence can lead the mutually orthogonal polarization states of
the fundamental IR pulses to be effectively switched for accomplishing an efficient

IOPO operation without any extra polarization control.

12
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In Chap. 4, the optimized Q-switched Nd-doped crystal lasers designed in Chap. 2
are employed to produce green, UV, and DUV radiations via extracavity harmonic
generations. Firstly, the output performance between the extracavity and intracavity
SHGs (ESHG and ISHG) at 532 nm under a similar operated condition is thoroughly
explored with the type-1 LBO crystal as a frequency doubler. Secondly, with the type-I
and type-II LBO crystals as a frequency doubler and a frequency tripler, highly efficient
UV emissions at 355 and 351 nm are obtained from the high-power Nd:YVO, lasers
and high-energy Nd:YLF laser, respectively. Thirdly, the green lasers based on ESHG
and ISHG are utilized as pump sources to make a comparison of the conversion
efficiencies for producing 266-nm radiations, where the BBO crystal is exploited in the
process of extracavity fourth harmonic generation (EFHG). Efficient nonlinear
frequency conversions demonstrated in Chaps. 3 and 4 not only enable us to extend the
emission lines from IR to eye-safe, green, UV, and DUV regimes, but also validate the

usefulness of our cavity design for Q-switched IR lasers developed in Chap. 2.

Finally, a summary is given.in Chap. 5 to conclude this thesis. Future plans and
prospects are also described in this chapter with the aim for completing this doctoral

thesis.

13



Chapter 1 - Background and General Introduction

References

[1] R.L.Keyesand T. M. Quist, “Injection luminescent pumping of CaF,:U*" with
GaAs diode lasers,” Appl. Phys. Lett. 4, 50-52 (1964).

[2] H. G. Danielmeyer and F. W. Ostermayer, “Diode-pumped-modulated Nd:YAG
laser,” J. Appl. Phys. 43, 2911-2913 (1972).

[3] W. Streifer, D. R. Scifres, G. L. Harnagel, D. F. Welch, J. Berger, and M.
Sakamoto, “Advances in diode laser pumps,” IEEE J. Quantum Electron. 24,
883-894 (1988).

[4] R. L. Byer, “Diode laser-pumped solid-state lasers,” Science 239, 742-747
(1988).

[5] T. Y. Fan and R. L. Byer, “Diode laser-pumped solid-state lasers,” IEEE 1J.
Quantum Electron. 24, 895-912 (1988).

[6] T.Y.Fan, “Diode-pumped solid state lasers,” The Lincoln Laboratory Journal 3,
413-426 (1990).

[7] B. D. Sinclair and M. H.-Dunn,“All-solid-state lasers,” Phys. Educ. 29, 146-150
(1994).

[8] K. L. Schepler, “Trends in solid-state-lasers,” Opt. Photon. News 8, 38-41
(1997).

[9] A. Leuzinger, “The evolution of diode-pumped solid-state lasers,” Opt. Photon.
News 10, 37-40 (1999).

[10] Z. Jankiewicz and K. Kopczynski, “Diode-pumped solid-state lasers,”
Opto-Electron. Rev. 9, 19-33 (2001).

[11] D. C. Brown and J. W. Kuper, “Solid-state lasers: steady progress through the
decades,” Opt. Photon. News 20, 36-41 (2009).

[12] B. Davarcioglu, “An overview of diode pumped solid state (DPSS) lasers,” Int.
Arch. Appl. Sci. Technol. 1, 1-12 (2010).

[13] G. Huber, C. Krinkel, and K. Petermann, “Solid-state lasers: status and future,”
J. Opt. Soc. Am. B 27, B93-B105 (2010).

[14] W. Koechner, Solid-State Laser Engineering, 6" edn. (Springer, Berlin, 2006).

[15] W. Koechner, Solid-State Laser Engineering, 6" edn. (Springer, Berlin, 2006),
Chap. 2.

[16] G. Liu, Spectroscopic Properties of Rare Earths in Optical Materials, (Springer,

14



Chapter 1 - Background and General Introduction

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]
[28]

Berlin, 2005), Chap. 1.

J. E. Geusic, H. M. Marcos, and L. G. Van Uitert, “Laser oscillations in
Nd-doped yttrium aluminum, yttrium gallium and gadolinium garnets,” Appl.
Phys. Lett. 4, 182-184 (1964).

V. Lupei, N. Pavel, and T. Taira, “Highly efficient laser emission in
concentrated Nd:YVO4 components under direct pumping into the emitting
level,” Opt. Commun. 201, 431-435 (2002).

Y. Sato, T. Taira, N. Pavel, and V. Lupei, “Laser operation with near
quantum-defect slope efficiency in Nd:YVO,4 under direct pumping into the
emitting level,” Appl. Phys. Lett. 82, 844-846 (2003).

P. Zhu, D. Li, P. Hu, A. Schell, P. Shi, C. R. Haas, N. Wu, and K. Du, “High
efficiency 165 W near-diffraction-limited Nd:YVOy slab oscillator pumped at
880 nm,” Opt. Lett. 33, 1930-1932 (2008).

N. Pavel, T. Dascalu, N. Vasile, and V. Lupei, “Efficient 1.34-pum laser emission
of Nd-doped vanadates under ‘in-band pumping with diode lasers,” Laser Phys.
Lett. 6, 38-43 (2009).

X. Ding, R. Wang, H. Zhang, X. Y. Yu, W. Q. Wen, P. Wang, and J. Q. Yao,
“High-efficiency Nd:YVO, laser emission under direct pumping at 880 nm,”
Opt. Commun. 282, 981-984(2009).

J. Gao, X. Yu, B. Wei, and X. D. Wu, “Quasi-three-level Nd:YVO, laser
operation at 914 nm under 879 nm diode laser pumping,” Laser Phys. 20,
1590-1593 (2010).

Y. F. Li, X. H. Zhang, X. D. Yin, J. Xia, A. F. Zhang, and J. Q. Lin, “Highly
efficient continuous-wave intracavity frequency-doubled Nd:YVO4-LBO laser
at 457 nm under diode pumping into the emitting level *Fs,” Appl. Phys. B 99,
115-119 (2010).

L. Cui, H. L. Zhang, L. Xu, J. L1, Y. Yan, P. F. Sha, L. P. Fang, H. J. Zhang, J. L.
He, and J. G. Xin, “880 nm laser-diode end-pumped Nd:YV Oy slab laser at 1342
nm,” Laser Phys. 21, 105-107 (2011).

W. Koechner, Solid-State Laser Engineering, 6" edn. (Springer, Berlin, 2006),
Chap. 8.

R. Paschotta, Field Guide to Lasers, (SPIE, Bellingham, Washington, 2007).
F.J. McClung and R. W. Hellwarth, “Giant optical pulsations from Ruby,” Appl.
Opt. 1, 103-105 (1962).

15



Chapter 1 - Background and General Introduction

[29] P. A. Franken, A. E. Hill, C. W. Peters, and G. Weinreich, “Generation of
optical harmonics,” Phys. Rev. Lett. 7, 118-119 (1961).

[30] W. Koechner, Solid-State Laser Engineering, 6 edn. (Springer, Berlin, 2006),

Chap. 10.

R. W. Boyd, Nonlinear optics, 3" edn. (Elsevier, London, 2008).

M. J. Weber, Handbook of laser wavelengths, (CRC, New York, 1999).

http://en.wikipedia.org/wiki/List of laser types

http://www.rp-photonics.com/laser_applications.html

http://www.photonics.com/LinearCharts/Default.aspx?ChartID=1

]
]
]
[34] http://www.laserfest.org/lasers/innovations.cfm
]
]
]

http://www.coherent.com/Products/index.cfm?868/AVIA-Family-of-DPSS-Lase

s

[38] http://www.jdsu.com/en-us/Lasers/Products/A-Z-Product-List/Pages/laser-solid-

state-g-switched-355-532-g-series.aspx

16



Chapter 1 - Background and General Introduction

17



Chapter 1 - Background and General Introduction

18



Chapter 2 - Fundamental IR Lasers with Nd-doped Crystals

Chapter 2

Fundamental IR ‘Lasers with Nd-doped Crystals

19



Chapter 2 - Fundamental IR Lasers with Nd-doped Crystals

2.1 Properties of Nd:YVO, Crystal

Nd-doped yttrium vanadate (Nd:YVOQ,) is an important laser material which was
first recognized in 1966 [1], and efficient diode-pumped Nd:YVO, laser was
successfully demonstrated in 1987 [2]. Basic properties of the Nd:YVO, crystal are
illustrated in Fig. 2.1.1, which is obtained from CASTECH [3]. The Nd:YVOy, crystal
belongs to the tetragonal group in crystal structure. The natural birefringence of this
uniaxial crystal dominates the thermally induced birefringence, and subsequently the
linearly polarized output can eliminate the undesirable thermal depolarization loss in the
high-power operation, which is frequently observed in optically isotropic laser crystals
such as the Nd:YAG crystal. Optical properties of the Nd:YVO; crystal are strongly
polarization dependent, which can be classified as m-polarization (extraordinary beam)
and o-polarization (ordinary beam). The n- and o-polarizations are defined as the
oscillated polarizations of the light.to;be parallel and perpendicular to the
crystallographic ¢ axis, respectively. Unlike the Nd:YAG crystal, the Stark splitting in
the Nd:YVOq crystal is small and the multiple transitions are more compact. These lead
the Nd:YVOy crystal to possess the outstanding features over other Nd-doped crystals;
that is, the large absorption coefficient around 808 nm and high stimulated emission
cross section at 1064 nm. The ‘former property allows the use of short crystal to
efficiently absorb the incident pump light for the construction of a compact microchip
laser, while the latter one is inherently suitable for developing a high-repetition-rate

pulsed laser.
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Zircon Tetragonal, space group D, -14/amd
a=b=7.1193 A, ¢=6.2892 A

Density:

422g/cm?

1.26x10%? atoms/cm? (Nd 1.0%)

Mohs Hardness:

4-5 (Glass-like)

a,=4.43x10°/K
o =11.37x10-K

Thermal Conductivity Coefficient (300K):

/IC: 0.0523W/cm/K
1C:0.0510W/cm/K

1064nm, 1342nm

Thermal optical coefficient (300K):

dn /dT=8.5x10-6/K
dn/dT=2.9x10/K

25x10"%ecm? @1064nm

Fluorescent lifetime:

90us (1% Nd doped)

31.4cm! @810nm

Intrinsic loss:

0.02cm! @1064nm

0.96nm @1064nm

Polarized laser emission:

n polarization; parallel to optical axis (c-axis)

>60%

Sellmeier equations (A in um)

n,?=3.77834+0.069736/( A 2-0.04724)-0.010813 A 2
n,2=4.59905 +0.110534/( A 2-0.04813)-0.012676 A 2

Fig. 2.1.1. Basic properties of the Nd:YVOy crystal.
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2.2 Passively Q-Switched Nd:YVO, Laser at 1064 nm

I. Introduction

Passive Q-switching of a solid-state laser with a saturable absorber is a convenient
way to provide a reliable pulsed operation with the benefits of high stability, inherent
compactness, and low cost. As a promising saturable absorber near the IR region, the
Cr*":YAG crystal has been widely investigated on the PQS performance thanks to its
good chemical and mechanical stability, long lifetime, excellent optical quality, high

damage threshold, high thermal conductivity, and large absorption cross section [4-12].

However, the stimulated emission cross section of the Nd:YVO, crystal at 1064
nm is too large to achieve a good PQS operation when the Cr*":YAG crystal is used as a
saturable absorber. Several methods have been proposed to overcome the well-known
condition for good passive Q-switching, including the intracavity focusing obtained
from the three-element resonator [13-15] and the employment of a c-cut crystal as a
gain medium [16-18]. Nevertheless, the peak powers with the above-mentioned reports
are not high enough for some practical applications, especially for efficient extracavity
nonlinear frequency conversion. Therefore, it is ‘highly desirable to develop a

high-peak-power PQS Nd:YVOy laser-with the Cr*":YAG saturable absorber.

In this section, we take into account the second threshold and thermal-lensing
effect to design and realize a compact reliable PQS Nd:YVO, laser with the Cr'":YAG
crystal as a saturable absorber. At an incident pump power of 16.3 W, the output power
at 1064 nm reaches 6.16 W with a pulse width of 7 ns and a pulse repetition rate of 56
kHz. The corresponding pulse energy and peak power are evaluated to be 111 pJ and 16
kW, respectively.
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II. Cavity analysis

It is well known that the absorption saturation in the saturable absorber should
occur before the gain saturation in the laser crystal for good PQS operation. The
so-called second threshold condition has been analytically derived from the coupled rate

equation, which can be mathematically expressed as [13,19]:

2 o
1n(1/T02)h+1(11r{(Tlo/;zoc) +L, ; A% g 1—y B’ @D
where T) is the initial transmission of the saturable absorber, Roc is the reflectivity of
the output coupler, L; is the nonsaturable round trip dissipative loss of the resonator, oy,
is the ground-state absorption of the saturable absorber, ¢ is the emission cross section
of the laser crystal, 4/4; is the ratio of the laser mode area in the laser crystal to that in
the saturable absorber, y is the population inversion reduction factor, which is equal to
one for the ideal four-level laser and two for the three-level laser, and f = 0,4,/04s, 1S the
ratio of the excite excited-state absorption cross section to the ground-state absorption
cross section of the saturable absorber. With the following parameters: 7y = 0.7, Roc =
0.5, Ly =0.03, 0 =2 x 10"% ¢m’ [12], 6= 2.5 x 10" ¥ e¢m®, y =1, and = 0.06 [12], the
second threshold condition can be deduced to be A4/4;, > 2.68 in the case of the
Nd:YVO4 and Cr'":YAG crystals. as a gain medium and a saturable absorber,
respectively. As a consequence, the ratio of the-laser mode radius in the laser crystal to

that in the saturable absorber needs to be larger than 1.64 for achieving a high-quality
PQS operation.

The configuration for a simple plano-concave resonator with the thermal-lensing
effect is schematically shown in Fig. 2.2.1(a). In the present experiment, the laser
crystal and saturable absorber are aimed to be as close as possible to the input concave
mirror and flat output coupler, respectively. An optical resonator with an internal
thermal lens between the resonator mirrors can be replaced by an empty cavity with the
equivalent g-parameters ¢ and the equivalent cavity length L., , which are given by

[20]:

. 1 d,
8 =& ——hdj(l—ﬁj, (2.2)
1 i
g =1—%, (2.3)

1
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i’j: 1’ 2; i#j’
L. =d +d, —idldz, (2.4)
th
where f;, is the effective thermal focal length, d; and d> are the optical path lengths from
the center of the gain medium to the input mirror and output coupler, R; and R; are the
radius of curvature (ROC) of the input mirror and output coupler. In terms of the

equivalent cavity parameters, the cavity mode radii at the input mirror (w;) and at the

output coupler (w;) are given by [20]:

o= (M |8 o100, 2.5)
T gz(l glgz)

As a result, we can calculate the variations of the cavity mode radius w; and w, with
respect to the effective thermal focal length. The effective focal length of thermal lens

in the end-pumped laser crystal can be estimated with the following equation [21]:

L éR” Ldniiii . ,(2)
o .[1— )a)(z){ZdT &, }dz’ 2.6)

cry

M2,
a)p(z)a)po\/l+{ . (z—zo):| ) (2.7)
nmxw

po
where ¢ is the fraction of the incident pump power that results in heat, P;, is the incident
pump power, K. is the thermal conductivity, a is the absorption coefficient at the pump
wavelength 4,, /., is the crystal length, dn/dT is the thermal-optic coefficient, n is the
refractive index, and ay is the thermal expansion coefficient, M is the pump beam
quality factor, and w)(z) is the variation of the pump radius, where the pump beam waist
po 15 assumed a distance z, from the entrance of the laser crystal. With the following
parameters: £ =0.24, K. =523 W/mK, a =0.2 mm'l, Ap =808 nm, /.., = 12 mm, dn/dT
=3 x10°K", n=2.1652, ar=4.43 x 10° K, M’ = 230, ,,= 300 um, and zp = 1 mm,
the effective thermal focal length can be calculated as a function of the incident pump
power. To be brief, the dependence of the ratio @,/ on the incident pump power can
be generated to design and realize a high-quality PQS laser. Figure 2.2.1(b) depicts the
calculated results for the cases of L.., = 90, 80, 70, 60 and 50 mm, where the L.,, stands
for the cavity length and the other parameters used in calculation are as follows: R; =

100 mm, R, — oo, d; = 6 mm, d> = (L.ey — 6) mm. From the Fig. 2.2.1(b), it is obvious

that the thermal lensing effect will make the cavity to be unstable when the cavity
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length is too long; whereas the PQS laser can not well operate in a high-quality state
when the cavity length is too short. Comparative speaking, we chose a resonator with
Legy = 70 mm to simultaneously satisfy the second threshold criterion and cavity

stability condition to realize a compact reliable PQS laser.
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Ratio of mode radius @,/ o,

Incident pump power at 808 nm (W)

Fig. 2.2.1. (a) The configuration for a simple plano-concave cavity with the thermal
lensing effect; (b) Calculated results for the ratio of the cavity mode size in the gain
medium to that in the saturable absorber as a function of the incident pump power for
the cases of L.,, = 90, 80, 70, 60, and 50 mm when the ROC of the input mirror is

chosen to be R; = 100 mm.
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[II. Experimental setup

The experimental setup is schematically shown in Fig. 2.2.2. The input mirror was
a concave mirror with the ROC of 100 mm. It was antireflection (AR) coated at 808 nm
on the entrance face, and was coated at 808 nm for high transmission as well as 1064
nm for high reflection on the second surface. The gain medium was a 0.1 at. % a-cut
Nd:YVOy crystal with dimensions of 3 x 3 x 12 mm’, and it was placed as close as
possible to the input mirror. Both facets of the laser crystal were AR coated at 808 and
1064 nm. The Cr*":YAG saturable absorber with an initial transmission of 70 % was
AR coated at 1064 nm on both surfaces, and it was placed near to the output coupler.
The laser crystal and saturable absorber were wrapped with indium foil and mounted in
water-cooled copper heat sinks at 20 °C. The pump source was an 18-W 808-nm
fiber-coupled laser diode with a core diameter of 600 pm and a numerical aperture of
0.2. The pump beam was reimaged into the laser crystal with a lens set that has a focal
length of 25 mm with a magnification' of unity and a coupling efficiency of 91 %.
Therefore, the maximum incident pump power in our experiment was approximately
16.3 W. The flat output coupler with 50-% transmission was employed during the
experiment. As designed in subsection II, the cavity length was set to be 70 mm for the
construction of a compact high-power PQS laser. The pulse temporal behaviors were
recorded by a LeCroy digital oscilloscope (Wavepro 7100, 10 G samples/s, 1 GHz
bandwidth) with a fast Si photodiode.
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Laser diode
/1p =808 nm, @= 600 um

Input mirror Output coupler
R, =100 mm Rpe=50 % @ 1064nm

cav 4 '

1
0.1 % Nd:YVO, Cr*"YAG, T,=70 %

Fig. 2.2.2. Schematic of the cavity setup for a diode-pumped PQS Nd:YVO, laser
with the Cr*":YAG saturable absorber.
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IV. Performance of CW and PQS operations

First of all, the continuous-wave (CW) operation without the saturable absorber is
studied. The output power as a function of the incident pump power is presented by the
red curve in Fig. 2.2.3(a). The pump threshold and slope efficiency are determined to be
2.1 W and 62 %, respectively. At the maximum incident pump power of 16.3 W, the
output power of 8.8 W is obtained, corresponding to the optical conversion efficiency

from 808 to 1064 nm up to 54 %.

We then inserted the Cr'":YAG saturable absorber into the laser cavity to
investigate the PQS performance in detail. The dependence of the output power on the
incident pump power in the PQS operation is illustrated by the green curve in Fig.
2.2.3(a). The pump threshold and slope efficiency are found to be 3.3 W and 47.4 %,
respectively. At the maximum incident pump power of 16.3 W, the output power as
high as 6.16 W is obtained, corresponding to the optical conversion efficiency up to
37.8 %. Figures 2.2.3(b) and (c).show the pulse width, pulse repetition rate, pulse
energy, and peak power as a function-of the incident pump power. When the incident
pump power increases from 5 to 16.3 W, the pulse repetition rate varies from 15.5 to 56
kHz and the pulse width changes from 20 to 7 ns, as shown in Fig. 2.2.3(b).
Accordingly, it can be seen that.the pulse energy increases from 27 to 111 pJ and the
peak power increases from 1.3 to 16 kW by increasing the incident pump power from 5
to 16.3 W, as revealed in Fig. 2.2.3(c). Figures 2.2.4(a) and (b) show the typical
oscilloscope traces of the output pulses at 1064 nm under an incident pump power of
16.3 W with the time span of 200 and 2 ps, respectively. Note that the appearance of the
satellite pulses following the main Q-switched pulse was frequently observed in the past
research [22-25]. This phenomenon inevitably degrades the Q-switched performance,
leading to the restriction of the maximum achievable Q-switched pulse energy and peak
power. However, we didn’t observe any satellite pulses during the present experiment,

indicating the validness of our cavity optimization.
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Fig. 2.2.3. (a) Output powers in CW (red curve) and PQS (green curve) operations as
a function of the incident pump power; (b) Dependences of the pulse repetition rate (red
curve) and pulse width (green curve) on the incident pump power; (c) Dependences of

the pulse energy (red curve) and peak power (green curve) on the incident pump power.

30



Chapter 2 - Fundamental IR Lasers with Nd-doped Crystals

20 ps/div

(b)

prasie |
200 ns/div

Fig. 2.2.4. Typical oscilloscope traces of the output pulses at 1064 nm under an
incident pump power of 16.3 W with the time span of (a) 200 and (b) 2 ps.
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2.3 Actively Q-Switched Nd:YVO, Laser at 1064 nm

I. Introduction

Compared with the PQS laser, AQS solid-state laser can provide a high-stability,
low timing jitter and high-peak-power pulsed operation with a continuously adjustable
pulse repetition rate. The acousto-optic (AO) Q-switch, which is characterized by its
low-insertion loss, is one of promising methods to achieve AQS operation. It can
exceptionally offer the convenience of converting from repetitively Q-switched to CW

operations simply by removing the RF drive power [26-31].

Nevertheless, it is observed that the parasitic lasing effect is a critical issue for
scaling up the output peak powers of the AQS lasers [26,32,33], and this detrimental
effect usually leads to a significant reduction of the peak power of the AO Q-switched
laser that inevitably deteriorates the performance of extracavity nonlinear frequency
conversion. Note that the parasiticlasing means that there is residual lasing in the low-Q
stage. Although lengthening the cavity length can effectively assist the diffraction loss
of the AO device to suppress the parasitic lasing in the low-Q stage [34,35], a long
cavity length usually needs an intricate design to obtain a stable resonator under the
thermal lensing effect. More importantly, longer cavity lengths always lead to longer
pulse widths that also reduce the output peak powers. Therefore, it is practically
valuable to optimize the peak power by designing the shortest cavity length for the AO

Q-switched laser without the parasitic lasing effect.

In this section, we investigate the parasitic lasing effect in the high-power AQS
laser with a flat-flat resonator. The parasitic lasing effect in the low-Q stage is found to
lead to long tails in the output pulses, corresponding to the peak-power reduction. We
experimentally determine the shortest cavity length without the parasitic lasing effect to
optimize the performance of the high-power AQS laser with a flat-flat cavity. At an
incident pump power of 44 W, the maximum output power of 19.4 W at 100 kHz and
the highest peak power of 81.5 kW at 20 kHz are accomplished, respectively.
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II. Experimental setup

The experimental setup is schematically shown in Fig. 2.3.1. The flat input mirror
was AR coated at 808 nm on the entrance face, and was coated at 808 nm for high
transmission as well as 1064 nm for high reflection on the second surface for light with
normal incidence. The flat folded mirror had the same coated characteristics as the flat
input mirror except that the angle of the incident light was 45°. The gain medium was a
0.1 at. % Nd:Y VO crystal with dimensions of 3 x 3 x 14 mm°. Both facets of the laser
crystal were AR coated at 808 and 1064 nm. The laser crystal was wrapped with indium
foil and mounted in a water-cooled copper heat sink at 20 °C. A 20-mm-long AO
Q-switch (Gooch & Housego) with AR coating at 1064 nm on both faces was placed in
the center of the cavity, and was driven at a central frequency of 41 MHz with a RF
power of 25 W. The pump sources were two 25-W 808-nm fiber-coupled laser diodes
with a core diameter of 800 um and a numerical aperture of 0.16. The pump beam was
reimaged into the laser crystal with a.lens set that has a focal length of 25 mm with a
magnification of unity and a coupling efficiency of 88 %. As a result, the maximum
pump power in our experiment was approximately 44 ‘W. The flat output coupler with
50 % transmission was employed during the experiment. The relatively low reflectivity
of the output coupler is practically helpful for the effective hold-off in the low-Q stage.
The pulse temporal behaviors were recorded by a LeCroy digital oscilloscope (Wavepro

7100, 10 G samples/s, 1 GHz bandwidth) with a fast Si photodiode.
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Laser diode
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AO Q-switch
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Laser diode
A, =808 nm, @=3800 um

Fig. 2.3.1. Schematic of the cavity setup for a diode-pumped AO Q-switched
Nd:YVO, laser.
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[II. Optimization in the flat-flat AO Q-switched laser

Since the parasitic lasing in the low-Q stage can be utterly suppressed with
increasing the cavity length in a flat-flat cavity, we define the critical cavity length to be
the shortest cavity length without parasitic lasing. Figure 2.3.2 depicts experimental
results for the critical cavity length as a function of the pump power. The critical cavity
length without parasitic lasing can be seen to increase with increasing the incident pump
power. More importantly, we experimentally found that the parasitic lasing significantly
affects the temporal shape of the Q-switched pulse. Figures 2.3.3(a) and (b) show the
influence of parasitic lasing on the Q-switched pulse at the maximum pump power of 44
W for the cavity lengths of 16 and 18 cm, respectively. It can be seen that the
Q-switched pulses are accompanied with a long tail or a satellite pulse. In contrast, the
Q-switched pulse without parasitic lasing displays a short tail as well as no satellite
pulse, as shown in Figs. 2.3.3(c) and (d) for the cavity lengths of 20 and 22 cm,

respectively.

The long tail of Q-switched pulses-induced by parasitic lasing imply the reduction
of the peak power. The degree of the peak-power reduction can be simply analyzed with
the rate equation. Assume the average photon density caused by parasitic lasing to be ¢y,
the rate equation for the population inversion density N in the low-Q stage can be
described as:

d—N=r—caN¢b —E, (2.8)
dt T

where r is the rate of the pump density, 7 is the upper-state lifetime of laser crystal, c is
the speed of light, o is the stimulated emission cross section. With 7, = 1/ca¢y, Eq. (2.8)
can be rewritten as:

c;_izf . Tﬁ , (2.9)
where 1/7,= 1/t + 1/1, and 7, represents the effective upper-state lifetime with parasitic
lasing. 7, is clear to be smaller than 7. Since the amount of the maximum stored energy
is proportional to the upper-state lifetime, the parasitic lasing can be comprehended to
cause a reduction in the pulse energy and peak power. To be brief, the parasitic lasing
scarcely affects the average output power but has a detrimental effect on the peak

power.

35



Chapter 2 - Fundamental IR Lasers with Nd-doped Crystals

As shown in Fig. 2.3.2, the critical cavity length is approximately 20 cm for the
maximum pump power of 44 W. With the ABCD-matrix theory, it can be derived that
the cavity length L.,, of a stable flat-flat resonator should be shorter than the thermal
focal length f;,; namely, the criterion of L.,, < f;; must be satisfied to maintain the cavity
stable. Since the thermal focal length of the laser crystal can be verified to be inversely
proportional to the dopant concentration, the criterion of L., < fi signifies the
importance of using a Nd:YVO, crystal with extremely low dopant concentration. The
effective focal length of thermal lens in the end-pumped laser crystal can be analyzed
with the Egs. (2.6) and (2.7). With the following parameters: £ = 0.24, K. = 5.23 W/m K,
A, =808 nm, dn/dT=3 x 10° K™, n=2.1652, ar=4.43 x 10° K, M’ = 250, w,,= 400
pm, and zp = 1 mm, we calculated the effective thermal focal length f;, as a function of
the Nd dopant concentration of laser crystal at the incident pump power of 44 W. In the
present calculation, the crystal length /., is related to the absorption coefficient a with
the condition of al.-, = 4 for pump absorption of 98 %. Note that the relation between
the absorption coefficient o and the-Nd dopant concentration of laser crystal for a pump

wavelength of 808 nm is given-by r¢=2-N, mm' [36], where N, is the Nd dopant

concentration in units of atomic' %. Figure 2.3.4 depicts the calculated results ranging
from N;=0.05 % to N;=1 % at a pump power of 44 W. It can be seen that the smaller
the Nd dopant concentration, the.longer the thetmal focal length. Moreover, the
Nd:YVO; crystal with dopant concentration greater than 0.2 at.% can not comply with
the requirement of L.,, < f;, where L., = 20 cm is employed to suppress the parasitic
lasing at a pump power of 44 W. To sum up, using a Nd:YV Oy crystal with extremely
low dopant concentration is a promising way to simultaneously suppress the parasitic

lasing and maintain a stable flat-flat resonator in high-power Q-switched lasers.
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Fig. 2.3.2. Experimental results for the relationship between the critical cavity length

and the incident pump power.
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Fig. 2.3.3. Temporal behaviors of the Q-switched pulses with different cavity lengths
Leav: (@) Legy =16 cm; (b) Legy = 18 cm; (¢) Legy =20 cm; (d) Legy = 22 cm.
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Fig. 2.3.4. Calculated results for the thermal focal length as a function of the Nd

dopant concentration of laser crystal at a pump power of 44 W.
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IV. Performance of AQS operation

With the cavity length of 20 cm, we make a thorough evaluation for the
performance of Q-switched operation. Figure 2.3.5 shows the output power and pulse
width as a function of the incident pump power at a pulse repetition rate of 40 kHz. At
an incident pump power of 44 W, the output power of 17.5 W was obtained without any
signature of output power saturation, indicating the cavity to remain in a stable region.
When the incident pump power increases from 16 to 44 W, the pulse width can be seen
to decrease from 36 to 12 ns. In the meanwhile, the pulse energy and peak power are
found to increase from 60 to 435 pJ and from 1.6 to 36.3 kW by increasing the incident
pump power from 16 to 44 W. Figures 2.3.6(a) and (b) illustrate the dependences of the
output power, pulse width, pulse energy and peak power on the pulse repetition rate at
an incident pump power of 44 W. It can be seen that by increasing the pulse repetition
rate from 20 to 100 kHz, the output power increases from 13 to 19.4 W and the pulse
duration smoothly varies from 8 to 24:ns. Accordingly, it can be found that when the
pulse repetition rate increases from 20 to, 100 kHz, the pulse energy changes from 650

to 194 pJ and the peak power varies from 81.5 to 8.1 kW, respectively.

In the future, the same coneept of finding the shortest cavity length in a high-power
AQS laser without the parasitic lasing effect can also be employed for optimizing the
peak powers for the concave-plano or convex-plano cavities, respectively. Perhaps some

interesting results would be observed unexpectedly.
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power (pink) versus the incident pump power at a pulse repetition rate of 40 kHz.
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2.4 Properties of Nd:YLF Crystal

Nd-doped yttrium lithium fluoride (Nd:YLF) is another important active medium
in the field of solid-state lasers. Basic properties of the Nd:YLF crystal are illustrated in
Fig. 2.4.1, which is also obtained from CASTECH [3]. Like the Nd:YVOy crystal, the
Nd:YLF crystal belongs to the tetragonal group in crystal structure. Therefore, it can
emit the linearly polarized output without the thermally induced birefringence as well as
the thermal depolarization loss in the high-power operation. The Nd:YLF crystal is also
highly desirable for generating high-energy pulses thanks to its long upper-state lifetime
[37-39], where the fluorescent lifetime is around 500 ps. For comparison, the
upper-state lifetimes in the Nd:YAG and Nd:YVO; crystals are roughly 230 and 100 ps,
respectively. Note that the capability of the energy storage is directly proportional to the
fluorescent time of the laser crystal. Another feature is the excellent spectral match
between the emission line at 1053 nm and: the gain peak of the Nd:phosphate glass,
which makes the Nd:YLF crystal essentially favorable for constructing a high-energy

master oscillator power amplifier [40].
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Fig. 2.4.1.

Basic properties of the Nd:YLF crystal.
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2.5 Continuously Pumped Passively Q-Switched a-cut
Nd:YLF Laser at 1053 nm

I. Introduction

Although it is generally convenient to employ the c-cut Nd:YLF crystal as a gain
medium for generating an 1053-nm laser, the isotropic property in the transverse plane
typically leads the polarization state not to be linearly polarized. The a-cut Nd:YLF
crystal can alternatively be employed to obtain a linearly polarized output. However, the
stimulated emission cross section at 1047 nm is higher than that at 1053 nm by a factor
of 1.5 for the a-cut Nd:YLF crystal [41-45]. As a result, suppressing the m-polarized
emission at 1047 nm turns into an important issue in designing a linearly-polarized
1053-nm laser with the a-cut Nd:YLF crystal. Notice that the Nd:YLF crystal is an
uniaxially birefringent crystal that shows distinct emission characteristics for the n- and
o-polarizations, corresponding to the emission wavelengths of 1047 and 1053 nm,
respectively. Furthermore, extra losses may be enhanced by the energy-transfer
upconversion (ETU) effect, which causes a reduction in the effective upper laser level
lifetime and an increase in fractional thermal loading [46-49]. Therefore, it is practically
important to develop an approach without introducing considerable extra losses for

achieving an efficient linearly polarized Nd:YLF 1053-nm pulsed laser.

In a previous study [50], it was demonstrated that the selection of the polarization
in an a-cut Nd:Y VO laser could be attained by combining the birefringence of the laser
crystal with the alignment sensitivity of the plano-plano resonator. Motivated by their
work, in this section the natural birefringence of the Nd:YLF crystal is utilized to
achieve a reliable TEMyy-mode linearly polarized laser at 1053 nm in a compact
concave-plano resonator. The efficient selection of the polarization relies on the
combined effect of the difference in diffraction angles for n- and o-polarizations of a
wedged laser crystal and the alignment sensitivity of an optical resonator. We further
employ a Cr*":YAG saturable absorber to perform the PQS operation. At an incident
pump power of 12 W, the maximum output power is up to 2.3 W with a pulse repetition
rate of 8 kHz and a pulse width of 9 ns. The pulse energy and peak power are found to

be 288 nJ and 32 kW, respectively.
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II. Experimental setup

The experimental setup is schematically shown in Fig. 2.5.1. The input mirror was
a concave mirror with the ROC of 500 mm. It was AR coated at 806 nm on the entrance
face, and was coated for high transmission at 806 nm as well as for high reflection at
1053 nm on the second surface. The gain medium was a 0.8 at. % a-cut Nd:YLF crystal
with dimensions of 3 x 3 x 20 mm’, and it was placed to be adjacent to the input mirror.
Both facets of the laser crystal were AR coated at 806 and 1053 nm. The second surface
of the laser crystal was wedged at an angle 6,, = 3° with respect to the first surface, as
indicated in Fig. 2.5.1. The Cr*":YAG saturable absorber with an initial transmission of
80 % was AR coated at 1053 nm on both surfaces, and it was placed near to the output
coupler. The laser crystal and saturable absorber were wrapped with the indium foil and
mounted in water-cooled copper heat sinks at 20 °C. The pump source was a 15-W
fiber-coupled laser diode at 806 nm with a core diameter of 400 um and a numerical
aperture of 0.2. The pump beam was reimaged into the laser crystal with a lens set that
has a focal length of 25 mm and a coupling efficiency of 90 %. The flat output couplers
with the transmissions of 10;-20, 30, 36, and 50 % were utilized for systematic
investigation on the laser characteristics during the experiment. The cavity length was
set to be 50 mm for the construction of @ compact laser. With the ABCD-matrix theory,
the cavity mode radii inside the laser crystal and saturable absorber were estimated to be
approximately 236 and 224 pm, respectively. The pulse temporal behaviors were
recorded by a LeCroy digital oscilloscope (Wavepro 7100, 10 G samples/s, 1 GHz
bandwidth) with a fast Si photodiode.
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Fig. 2.5.1. Schematic of the cavity setup for a diode-pumped PQS Nd:YLF/Cr*":YAG

laser.
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III. Performance of CW and PQS operations

First of all, we explore the angle tuning characteristics of the Nd:YLF laser for the
o- and m-polarizations in the CW operation, where the Cr*":YAG saturable absorber was
removed, the transmission of the output coupler was chosen to be 30 %, and the incident
pump power was fixed to be 12 W to avoid the possibility of the thermal fracture in the
laser crystal. As shown in Fig. 2.5.2(a), the output polarization state can be easily
switched by simply tilting the orientation of the output coupler. Note that the tilting
angle ¢, is defined as the included angle with respect to the orientation of the output
coupler corresponding to the maximum output power at 1053 nm, as depicted in Fig.
2.5.1. The angular separation between the o- and m-polarizations under the individual
maximum output power is experimentally found to be around 1.153 mrad; that is, the
angular separation between the point b and ¢ indicated in Fig. 2.5.2(a) is approximately
1.153 mrad. On the other hand, the refractive indices for the - and m-polarizations in
the a-cut Nd:YLF crystal are n, = 1,448 and n, = 1.47, respectively. With the Snell’s
law under the small-angle approximation, we can theoretically derive an angular

separation to be (n,—n,) 6,,~ 1.152 mrad between the two polarizations external to the

wedged crystal, which is in a good agreement with the-experimental observations. The
two-dimensional spatial distributions for the 6- and s-polarizations under the individual
maximum output power are recorded-with a-digital camera, and both are found to
display a near-diffraction-limited TEM transverse mode, as shown in Fig. 2.5.2(b) for

the case of o-polarization.

With the optimal alignment for 1053-nm emission, we made a thorough study on
the output power with respect to the output coupling at an incident pump power of 12 W.
Note that the polarization extinction ratio at 1053 nm is considerably larger than 100:1
once the cavity was aligned for the optimization at 1053 nm. The output power in the
CW operation is experimentally found to decrease from 4.88 to 2.45 W by increasing

the output coupling from 10 to 50 %, as revealed by the red curve in Fig. 2.5.3.

When the Cr*":YAG saturable absorber was inserted into the laser cavity, the
dependence of the output power in the PQS operation on the output coupling is
demonstrated by the green curve in Fig. 2.5.3. Experimental results reveal that at an
incident pump power of 12 W, the maximum output power of 2.3 W is achieved with

the output coupling of 30 % in the PQS operation. The optical conversion efficiency
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from 806 to 1053 nm is thus evaluated to be 18.3 %. Figure 2.5.4 illustrates the pulse
repetition rate and the pulse width versus the output coupling in the PQS operation. It is
experimentally found that both the pulse repetition rate and the pulse width are
insensitive to the change of the output coupling; namely, when the transmission of the
output coupler is varied between 10-50 %, the pulse repetition rate and the pulse width
are in the ranges 8-9 kHz and 9-10 ns, respectively. According to the experimental
results illustrated in Figs. 2.5.3 and 2.5.4, the pulse energy and peak power are
calculated as a function of the transmission of the output coupler, as depicted in Fig.
2.5.5. For the output coupler with the transmission of 30 %, the pulse energy and the
peak power as high as 288 uJ and 32 kW are achieved at an incident pump power of 12
W.

Figures 2.5.6(a) and (b) show the typical oscilloscope traces of the output pulses at
1053 nm with the time span of 2 ms and 200 ns, respectively. The temporal behaviors
were recorded with the output coupling of 30.% under an incident pump power of 12 W.
The pulse-to-pulse amplitude fluctuation is found-to be better than £2 %. With a
knife-edge method, the beam quality factors at 1053 nm for the orthogonal directions

were measured to be M, < 1.1and My2 < 1.15, respectively.
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Fig. 2.5.2. (a) The angle tuning characteristics of the 3°-wedged a-cut Nd:YLF laser
for the o- and m-polarizations in the CW operation; (b) The two-dimensional spatial
distributions for the o-polarization under the maximum output power, indicating a

near-diffraction-limited TEMo transverse mode.
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Fig. 2.5.3. The maximum output powers at 1053 nm in the CW and PQS operations as

a function of the output coupling.
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Fig. 2.5.6. Typical temporal behaviors at 1053 nm with: (a) time span of 2 ms, and (b)
time span of 200 ns, which were recorded with the output coupling of 30 % under an

incident pump power of 12 W.
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2.6 Continuously Pumped Passively Q-Switched c-cut
Nd:YLF Laser at 1053 nm

I. Introduction

If the polarization state of the output is not a critical issue, using the c-cut Nd:YLF
crystal is a convenient way for generating the emission line at 1053 nm, because it can
completely avoid the complexities required for the suppression of the unwanted laser
transition at 1047 nm [51-53]. The fluorescent lifetime of 540 ps in the c-cut Nd:YLF
crystal is also expected to be more suitable for producing high-energy pulses as
compared with the 490 pus in the a-cut counterpart [54]. However, the implementation of
high-pulse-energy PQS c-cut Nd:YLF lasers at 1053 nm has not been completely
explored yet. The main reason is that the behavior of the thermal-lensing effect in the
c-cut Nd:YLF crystal is significantly different. from the ones in other popular gain
media such as the Nd:YVO, and Nd:YAG crystals. The critical difference is that the
negative dependence of the refractive index on the temperature (dn/dT) over the positive
contribution from the end-face bulging of the gain medium leads the c-cut Nd:YLF
crystal to behave a defocusing-thermal lens. Furthermore, the ETU effect reduces the
effective upper-state lifetime and increases the fractional thermal loading in the laser
crystal, as discussed in Refs. [46-49]. The ETU effect inevitably causes the effective
focal length of the thermal lens in the PQS operation to be considerably more negative
than the one in the CW operation. As a result, a reliable and efficient tactic for
designing continuously pumped high-pulse-energy PQS laser at 1053 nm is highly
desirable to be developed.

In this section, we develop a practical method to extend the power scale-up for a
laser in a concave-plano cavity to be influenced by a large negative thermal lens. With
the developed method, we successfully scale up the output power of a compact
high-pulse-energy PQS Nd:YLF laser at 1053 nm with the Cr*":YAG crystal as a
saturable absorber. At an incident pump power of 12.6 W, the maximum output power
under the optimum operation at 1053 nm reaches 2.61 W with a pulse width of 6 ns and
a pulse repetition rate of 4.6 kHz. The corresponding pulse energy and peak power are

estimated to be up to 570 pJ and 95 kW, respectively.
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II. Numerical analysis

Previous studies have demonstrated that the mode-to-pump size ratio plays an
important role for power scaling in diode-end-pumped solid-state lasers, in which the
optimum mode-to-pump size ratio is practically found to be in the range 0.6-1
[36,55,56]. With the ABCD-matrix theory, here we take into account of the
thermal-lensing effect to numerically calculate the mode-to-pump size ratio as a
function of the thermal focal length for the cases of R; = 50, 100, 200, and 500 mm in a
concave-plano cavity, where R; is the ROC of the input concave mirror. In the present
analyses, the pump radius w,, = 210 pm and the cavity length L.,, = 35 mm are used,

and the thermally induced lens is set to be adjacent to the input concave mirror.

When the positive thermal lens is considered, we find that the mode-to-pump size
ratios for all cases are well located between 0.6-1 in the large operated region, as
depicted in Fig. 2.6.1(a). We also find that the magnitude of the thermal focal length |f|
should be larger than (R;L..)/(R;~Leav) to satisfy the stability criterion. Because the
magnitude of the thermal focal-length-is inversely proportional to the incident pump
power, the higher incident pump power can be allowed by using the concave mirror

with larger ROC when the positive thermal lens is regarded.

On the other hand, we find that.the ROC of the concave mirror needs to be small
enough to fulfill the optimum mode-to-pump size ratio for the case of negative
thermal-lensing effect, as shown in Fig. 2.6.1(b). At the same time, the magnitude of the
thermal focal length |f;| is derived to need to be larger than R; to keep the cavity stable.
On the whole, it is numerically found that decreasing the ROC of the concave mirror is
favorable for simultaneously achieving good mode-to-pump size ratio as well as power

scaling in a concave-plano cavity that is affected by a negative thermal lens.
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Fig. 2.6.1.
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[II. Experimental setup

The experimental setup is schematically shown in Fig. 2.6.2. The input concave
mirror was AR coated at 806 nm on the entrance face, and was coated for high
transmission at 806 nm as well as for high reflection at 1053 nm on the second surface.
The gain medium was a 0.8 at. % c-cut Nd:YLF crystal with the diameter of 4 mm and
the length of 15 mm. The Nd:YLF crystal was placed adjacent to the input concave
mirror. Both facets of the laser crystal were AR coated at 806 and 1053 nm. The
Cr*":YAG saturable absorber with an initial transmission of 80 % was AR coated at
1053 nm on both surfaces, and it was placed near to the output coupler for achieving a
high-quality PQS operation. The laser crystal and saturable absorber were wrapped with
indium foil and mounted in water-cooled copper heat sinks at 16 °C. The pump source
was a fiber-coupled laser diode at 806 nm with a core diameter of 400 pum and a
numerical aperture of 0.14. The pump beam with the spot radius of 210 um was
reimaged inside the laser crystal with a lens set that has a focal length of 25 mm and a
coupling efficiency of 90 %. The flat output_coupler with a reflectivity of 74 % at 1053
nm was employed throughout the experiment. The cavity length was set to be 35 mm
for the construction of a compact PQS laser. The pulse temporal behaviors were
recorded by a LeCroy digital -oscilloscope (Wavepro- 7100, 10 G samples/s, 1 GHz
bandwidth) with a fast InGaAs photodiode.
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Fig. 2.6.2. Configuration of the cavity setup for a diode-pumped PQS
Nd:YLF/Cr*":YAG laser.
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IV. Performance of CW and PQS operations

First of all, the CW operation without the saturable absorber was studied. Figure
2.6.3(a) shows the output powers at 1053 nm as a function of the incident pump power
at 806 nm for the cases of R; = 50, 100, 200, and 500 mm. It is obvious that although
the pump thresholds for all cases are almost identical, the slope efficiency obtained with
R; = 500 mm is remarkably lower than those obtained with other three cases. This
observation is a result of the poorer mode-to-pump size ratio, as can be referred to Fig.

2.6.1(b) for R; = 500 mm case.

When the Cr*":YAG saturable absorber was inserted into the resonator, the
degradations in the output power together with the roll-over phenomena for R; = 200
and 500 mm in the PQS operation further highlight the crucial importance of using
small ROC of the concave mirror for power scale-up, as depicted in Fig. 2.6.3(b).
During the early researches on the Nd:YLF crystal, many investigations indicated that
power scaling in the Nd:YLF laser:is practically hindered by the ETU effect [46-49].
The combined effect of the ETU effect and its subsequent multiphonon relaxation
brings in the considerable enhancement of the thermal-lensing effect in the Nd:YLF
laser. As a consequence, the-increased thermal-lensing effect in the present PQS
operation is believed to cause the deterioration in_the output powers for R; = 200 and
500 mm. From the analysis of the coupled rate equation, the criterion for good PQS
operation is given by Eq. (2.1). Since the oy, value of the Cr*":YAG crystal (~(20 + 5)
x 107" cm?) is remarkably larger than the o value of the Nd:YLF crystal (1.2 x 107"
cm?), the criterion for good PQS operation is generally satisfied in the
Nd:YLF/Cr*":YAG laser despite the ratio of the mode area A/4; varies with the incident
pump power and the ROC of the concave mirror. In other words, the influence of the
changing mode area in the saturable absorber on the PQS performance can be neglected

undoubtedly.

To further investigate the influence of the negative thermal lens on the Nd:YLF
laser, we evaluate the effective focal length of the thermal lens with the help of Egs.
(2.6) and (2.7). With the following parameters: K. = 6.3 W/m K, a = 0.18 mm, Ap =
806 nm, ., = 15 mm, dn/dT = -2 x 10° K", n = 1.448, ar = 8.3 x 10° K™, M’ = 115,
Wpo= 210 pm, and zp = 3.8 mm, the thermal focal length with respect to the incident

pump power is plotted in Fig. 2.6.4. Numerical calculation for the CW case with & =
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0.24 is found to be consistent with the previously published data, where the fractional
thermal loading & is derived from the quantum defect value. According to the previous
studies, the fractional thermal loading influenced by the ETU effect is usually magnified
by a factor of ~3 as compared with the value in the CW operation. Therefore, we use &
= 0.7 to calculate the PQS case, as revealed in Fig. 2.6.4. Numerical calculation for the
PQS case is found to be in good agreement with the estimated results deduced from the
experimental data shown in Fig. 2.6.3(b). The deduction is based on the fact that the
ROC of the concave mirror needs to be smaller than the magnitude of the thermal focal
length to satisfy the stability criterion, as analyzed in subsection II. To be brief, a
concave mirror with the ROC significantly smaller than the thermal focal length can be
effectively used to achieve the power scale-up for a laser influenced by a negative
thermal lens with a plano-concave cavity. Moreover, due to the ETU effect, the suitable
ROC of the concave mirror for the PQS case is considerably smaller than that for the

CW case at the same incident pump power.

In Fig. 2.6.3(b), the resonator with R; = 100. mm is found to possess the highest
maximum output power of 2.61-W at an incident pump power of 12.6 W. Therefore, we
make a thorough study on the performance of the PQS Nd:YLF/Cr*":YAG laser with R,
= 100 mm. Figures 2.6.5(a) and (b) illustrate the dependences of the pulse width, pulse
repetition rate, pulse energy and peak power on the incident pump power. When the
incident pump power increases from 5.17t0 12.6 W, the pulse width decreases from 14
to 6 ns and the pulse repetition rate varies from 1 to 4.6 kHz, as shown in Fig. 2.6.5(a).
Accordingly, it can be seen that the pulse energy increases from 210 to 570 puJ and the
peak power changes from 15 to 95 kW by increasing the incident pump power from
5.17 to 12.6 W, as revealed in Fig. 2.6.5(b). Typical temporal behaviors of the output
pulses at an incident pump power of 12.6 W are shown in Figs. 2.6.6(a) and (b) with the
time span of 2 ms and 100 ns, respectively. The pulse-to-pulse amplitude fluctuation is

generally found to be within + 3 %.

Finally, it is worthwhile to mention that so far the pulse energies obtained with the
continuously pumped PQS Nd-doped crystal/Cr*":YAG lasers, such as the Nd:YAG,
c-cut Nd:YLF, Nd-doped vanadate crystals and so on, are not more than ~300 pJ. That
is to say, the pulse energy based on the *F3, — *I; 1, transition is significantly enhanced
in our present work. This indicates that the c-cut Nd:YLF crystal is potentially favorable

for the construction of high-pulse-energy lasers as long as the optical resonator is
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intricately designed to compensate for the large negative thermal-lensing effect in the

gain medium.
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66



Chapter 2 - Fundamental IR Lasers with Nd-doped Crystals

2.7 Pulsed Pumped Passively Q-Switched c-cut
Nd:YLF Laser at 1053 nm

I. Introduction

As indicated in Sec. 2.6, the remarkable enhancement of the fractional thermal
loading turns into a critical issue in designing the optical resonator under the
continuously pumped PQS operation. Besides, the performance of the continuously
pumped PQS laser can be noticeably degraded by the timing jitter as a result of the
complex dynamic behavior inside the saturable absorber [57,58]. Practically, pulsed
pumping and quasi-CW pumping are effective approaches capable of simultaneously
reducing the heat generation inside the gain medium [59] and improving the instability

of the pulse period [60,61].

In this section, we originally. utilize a nearly hemispherical cavity to accomplish
the energy scale-up for a mJ-‘and ns-level pulsed pumped Nd:YLF laser passively
Q-switched by the Cr*":YAG saturable absorber. This compact laser is able to efficient
generate pulse energy as large as 1.38 'mJ and pulse width as short as 5 ns under a pulse

repetition rate of 100 Hz.

67



Chapter 2 - Fundamental IR Lasers with Nd-doped Crystals

II. Experimental setup

Figure 2.7.1 schematically depicts the experimental arrangement of our pulsed
pumped PQS Nd:YLF laser. The input concave mirror was AR coated at 806 nm on the
entrance face, and it was coated for high transmission at 806 nm as well as for high
reflection at 1053 nm on the second surface. The gain medium was a 0.8 at. % c-cut
Nd:YLF crystal with the dimensions of 4 mm in diameter and 15 mm in length. The
Nd:YLF crystal was placed adjacent to the input mirror. Both facets of the laser crystal
were AR coated at 806 and 1053 nm. The Cr*":YAG saturable absorber was with an
initial transmission of 80 %, and it was AR coated at 1053 nm on both surfaces. The
laser crystal and saturable absorber were wrapped with indium foil and mounted in
water-cooled copper heat sinks at 16°C. An intracavity Brewster plate was inserted
inside the cavity to force linearly polarized operation. The pump source was a
fiber-coupled laser diode at 806 nm with a core diameter of 400 um and a numerical
aperture of 0.14. A lens set having a foeal length of 25 mm and a coupling efficiency of
90 % was used to reimage the pump beam.inside the. laser crystal with a magnification
of unity. The output power of the laser diode was modulated by a train of pulses with a
nearly rectangular shape. The pulse duration was set to be around 500 ps to match the
upper-state lifetime of the Nd:YLF crystal. A flat mirror with a reflectivity of 60 % at
1053 nm was used as the output.coupler during the experiment. The pulse temporal
behaviors were recorded by a digital oscilloscope with the sampling interval of 0.1 ns
and the bandwidth of 1 GHz together with a fast InGaAs photodiode. The pulse energy
was measured with an energy meter (Thorlabs, PM100D).
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Fig. 2.7.1. Experimental arrangement of the pulsed pumped PQS Nd:YLF laser with the
Cr*":YAG saturable absorber.
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1. Cavity analysis

It 1s well known that the Q-switched pulse energy is linearly proportional to the
square of the laser mode radius inside the gain medium. With the ABCD-matrix theory,
Fig. 2.7.2 illustrates the numerical calculation of the dependences of the laser mode
radius w; inside the gain medium on the cavity length L.,, for the cases of R; = 50, 100,
and 150 mm in a concave-plano cavity, where L., and R; stand for the cavity length
and the ROC of the input mirror. Note that the thermal-lensing effect is not considered
in this calculation, and including thermal lens is equivalent to the case of reducing the
ROC of the input mirror. It can be seen that the laser mode radius increases with the
cavity length until the resonator reaches the boundary of the stable region, i.e., L.sy = R;.
Practically, we choose the cavity length with the constraint L., = 0.97R; in the
following discussions to realize the large laser mode radius and be insensitive to the
environmental perturbation in the meantime. From Fig. 2.7.2, we also observe that
increasing the ROC of the input mirror can further expand the laser mode radius to scale

up the pulse energy of the Q-switched laser.
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IV. Performance of PQS operation

During the experiment, the input mirrors with R; = 50, 100, and 150 mm were
utilized for comparative investigation of the PQS performance. The pulse energies as a
function of the pulse repetition rate are displayed in Fig. 2.7.3. The pulse energies were
obtained by averaging the values of the multiple measurements. The pulse energies are
found to increase from 0.44 to 0.57 mJ for R; = 50 mm, from 0.72 to 1.04 mJ for R; =
100 mm, and from 1 to 1.38 mJ for R; = 150 mm, when the pulse repetition rate is
decreased from 1 kHz to 100 Hz. The threshold input energies are experimentally found
to be 4.75-6 mJ for R; = 50 mm, 7-10.4 mJ for R; = 100 mm, and 8.67-14.1 mJ for R; =
150 mm, the real value depends on the pulse repetition rate. The experimentally
obtained pulse energies are used to evaluate the laser mode radii with the fitted formula
given by Eq. (26) from Ref. [19] in terms of the present cavity parameters. This
equation is based on the fact that the pulse energy is proportional to the modulation loss
of the saturable absorber and inversely:proportional to the total cavity losses when the
saturable absorber bleaches. The.obtained. radii are subsequently utilized to estimate the
thermal focal lengths for the cavity to be influenced by a thermal lens with the condition
Lcoy = 0.97R. As a result, the relationship between the thermal focal length f;; and the
average input power P;, can be built with the empirical formula f;, = C /P;,, where C is
the proportional constant. The constant C for.the present experiment is numerically
determined to be -5.733 W m. For comparison, the proportional constant of -3.087 W m
for the continuously pumped PQS case is estimated with a stability criterion by a
separable experiment performed in Sec. 2.6. Note that the larger the magnitude of the
constant |C|, the weaker the thermal-lensing effect. Therefore, the reduction of the
thermal-lensing effect for the pulsed pumped PQS laser is manifestly verified in
comparison with that for the continuously pumped counterpart. Besides, the shrinkage
of the laser mode radius due to the relatively severe thermal-lensing effect explains why
the pulse energy is smaller at higher pulse repetition rate for a specific ROC of the input

mirror.

Typical temporal behavior at a pulse repetition rate of 500 Hz for R; = 100 mm is
sketched in Fig. 2.7.4(a). The duration of the main pulse increases from 5 to 12 ns with
the increase of the ROC of the input mirror from 50 to 150 mm. This trend is due to the
fact that the Q-switched pulse duration is generally proportional to the cavity length.

Moreover, it is experimentally found that the degree of the satellite pulse lessens with
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the increase of the ROC of the input mirror. To discover the occurrence of the satellite
pulse, the beam quality factors were measured with the 90/10 knife-edge method, as
depicted in Fig. 2.7.4(b). It can be deduced that the improvement of the beam quality
factors is consistent with the suppressing of the satellite pulse. This implies the
repression of the excitation of few high-order transverse mode is of critical importance
in obtaining a perfect Q-switched pulse without satellite pulse. With the numerical
integration of the temporal pulse profile and the experimentally obtained pulse energy,
the peak powers with respect to the pulse repetition rate are estimated. By increasing the
pulse repetition rate from 100 Hz to 1 kHz, the peak powers are found to vary from 51.7
to 37.3 kW for R; = 50 mm, from 45.5 to 29.2 kW for R; = 100 mm, and from 47.4 to
29.6 kW for R; = 150 mm.
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2.8 Actively Q-Switched Nd:YLF Laser at 1053 nm

I. Introduction

As discussed in Sec. 2.3, the AO Q-switch can offer the convenience of converting
from CW to repetitively Q-switched operations simply by transmitting the RF drive
power. In this section, we utilize the AO Q-switch to obtain a high-energy AQS
Nd:YLF laser with the pulse repetition rate tunable from 5 to 40 kHz. We exhaustively
explore the influences of the thermal effect and the anisotropic property of the AO
Q-switch on the polarization characteristics of the c-cut Nd:YLF laser in the CW and
Q-switched operation, respectively. Moreover, under an incident pump power of 12.7 W,
the maximum output power of 4.5 W at 5 kHz and the largest pulse energy of 800 pJ at

40 kHz are accomplished, respectively.
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II. Experimental setup

The experimental setup for the AQS Nd:YLF laser is schematically shown in Fig.
2.8.1. The input mirror was a concave mirror with the ROC of 300 mm. It was AR
coated at 806 nm on the entrance face, and was coated at 806 nm for high transmission
as well as 1053 nm for high reflection on the second surface. The gain medium was a
0.8 at. % c-cut Nd:YLF crystal (CASTECH) with the diameter of 4 mm and the length
of 15 mm. Both facets of the laser crystal were AR coated at 806 and 1053 nm. Note
that although it is an uniaxial crystal with the highly anisotropic property, the Nd:YLF
crystal effectively exhibits the optically isotropic characteristics in the transverse plane
when it is cut along the crystallographic c¢ axis. The orientation of the rod axis of the
present c-cut crystal to the crystallographic ¢ axis was within 1 degree. The Nd:YLF
crystals was wrapped with indium foil and mounted in a water-cooled copper heat sink
at 18 °C. A 20-mm-long AO Q-switch (Gooch & Housego) was AR coated at 1053 nm
on both surfaces. It was placed in the:center of the laser cavity, and was driven at a
central frequency of 41 MHz with a RF power of 25°'W. A flat mirror with a reflectivity
of 80 % at 1053 nm was utilized as the output coupler during the experiment. The pump
source was an 806-nm fiber-coupled laser diode with a core diameter of 600 pum and a
numerical aperture of 0.2, respectively. The- polarization state emitted from the
fiber-coupled laser diode was measuted to be randomly polarized. The pump beam was
reimaged into the laser crystal with a lens set that has a focal length of 25 mm with a
magnification of unity and a coupling efficiency of 90 %. The cavity length was set to
be L.,y = 115 mm for the construction of a compact AQS laser. The pulse temporal
behaviors were recorded by a LeCroy digital oscilloscope (Wavepro 7100, 10 G
samples/s, 1 GHz bandwidth) with a fast InGaAs photodiode.
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Fig. 2.8.1. Experimental setup for the AQS Nd:YLF laser.
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III. Performance of CW and AQS operations

First of all, the AO Q-switch was removed from the laser cavity to investigate the
CW performance of the c-cut Nd:YLF laser. We utilized an intracavity polarizer to
make a comparative study of the output characteristics between the linearly and
randomly polarized states, respectively. Figure 2.8.2(a) illustrates the output powers at
1053 nm with and without an intracavity polarizer versus the incident pump power at
806 nm. The maximum output power and slope efficiency without an intracavity
polarizer are found to be up to 4.7 W and 43.1 %, respectively, as depicted by the red
curve in Fig. 2.8.2(a). However, the output power and slope efficiency obtained with an
intracavity polarizer are found to be remarkably lower than those obtained without an
intracavity polarizer, as revealed by the green curve in Fig. 2.8.2(a). Moreover, the
roll-over phenomenon in the linearly polarized state was experimentally observed at an
incident pump power of 10.4 W. In the early researches on the solid-state laser, it was
found that the thermally induced birefringence of the optically isotropic material brings
in the coupling of the power between the mutually orthogonal polarization components.
Consequently, the forbidden polarization state would be removed with the introduction
of a polarizer inside the laset cavity [21]. This so-called thermal depolarization loss
undoubtedly explains why substantially decreased output power and considerably
poorer slope efficiency are obtained-in the present linearly polarized c-cut Nd:YLF

laser.

We then inserted the AO Q-switch into the laser cavity without an intracavity
polarizer to explore the polarization characteristics of the c-cut Nd:YLF laser. Figure
2.8.2(b) describes the dependences of the polarization ratio Phorizonsai/ Pveriicar ON the
incident pump power at a pulse repetition rate of 5, 8, 10, 20, and 40 kHz, where
Prorizontar and Pyericqr Stand for the output power with the oscillated polarization to be
parallel and perpendicular to the base of the AO Q-switch, respectively. The
polarization ratios for all cases are found to continuously decrease with the increase of
the incident pump power. This observation is similar to the works reported in Refs.
[62,63]. The diffractive efficiency of the AO Q-switch operated at the compressional
mode is polarization dependent, in which the light with the oscillated polarization that is
parallel to the propagation of the acoustic wave experiences lower diffractive loss. In
the meantime, the randomly polarized pump beam leads the gain distribution in the

c-cut Nd:YLF crystal to be isotropic; that is, the gains for the mutually orthogonal
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polarization components of the laser beam are the same. As a consequence, the lower
diffractive loss makes the horizontally polarized laser beam to own the larger net gain as
compared with the vertically polarized one, which produces a high degree of the linearly
polarized operation at a low incident pump power. However, the polarization ratio is
experimentally found to decrease with increasing the incident pump power owing to the
reduced difference of the net gain between the mutually orthogonal polarization
components. Eventually, a nearly random polarization state was acquired at the

maximum incident pump power of 12.7 W.

Figure 2.8.3 depicts the dependences of the output power, pulse width, pulse
energy, and peak power on the pulse repetition rate at an incident pump power of 12.7
W. When the pulse repetition rate increases from 5 to 40 kHz, the output power varies
from 4 to 4.5 W and the pulse width increases linearly from 25 to 180 ns, as shown in
Fig. 2.8.3(a). Consequently, it can be found that the pulse energy changes from 800 to
113 pJ and the peak power decreases from.32 to 0.63 kW by increasing the pulse
repetition rate from 5 to 40 kHz, as revealed in Fig. 2.8.3(b). Figures 2.8.4(a)-(d)
illustrate the pulse trains of the. AQS Nd:YLF laser at a pulse repetition rate of 5, 40, 50,
and 100 kHz, respectively. It is experimentally found that the pulse-to-pulse amplitude
stability is better than + 8 % when the laser operates at 5-40 kHz, as exhibited in Figs.
2.8.4(a) and (b). Nevertheless, increasing the pulse repetition rate beyond 50 kHz results
in an unstable Q-switched operation with the amplitude fluctuation larger than 20 %, as
revealed in Fig. 2.8.4(c). Moreover, the phenomenon of the pulse missing shown in Fig.
2.8.4(d) is observed at a pulse repetition rate of 100 kHz owing to the lack of the gain
for the Q-switched Nd:YLF laser operated at such high pulse repetition rate. Therefore,
it is of crucial importance to design an intricate cavity for the stable pulsed operation if

the Q-switched Nd:YLF laser with high pulse repetition rate is required [53].
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Fig. 2.8.4. Pulse trains of the Q-switched Nd:YLF laser at a pulse repetition rate of (a)
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the phenomena of the pulse missing.
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2.9 Conclusion

High-power Q-switched Nd:YVOy lasers at 1064 nm and high-energy Q-switched
Nd:YLF lasers at 1053 nm have been optimized to exhibit excellent output performance.
We have designed a high-peak-power PQS Nd:YVO, laser with the Cr*:YAG crystal
as a saturable absorber. We theoretically analyze and experimentally realize a compact
PQS laser by considering the second threshold condition and thermal-lensing effect. At
an incident pump power of 16.3 W, the output power reaches 6.2 W with a pulse width
of 7 ns and a pulse repetition rate of 56 kHz. The corresponding pulse energy and peak

power are found to be up to 111 pJ and 16 kW, respectively.

In Sec. 2.3, we have firstly employed a Nd:YVO, crystal with dopant
concentration as low as 0.1 at.% in an AQS laser to explore the parasitic lasing effect in
a flat-flat resonator. Experimental results reveal that the parasitic lasing leads to a long
tail in the Q-switched pulse. We experimentally .determine the critical cavity length
without the parasitic lasing effect as-a function of -incident pump power. We also
confirm that the Nd:YVO, crystal with dopant concentration greater than 0.2 at.% is
hardly serviceable in designing a high-power Q-switched laser without parasitic lasing.
At an incident pump power of 44 W, the maximum output power of 19.4 W is obtained
at 100 kHz, while the shortest pulse width-of 8 ns, the largest pulse energy of 650 pJ,
and the highest peak power of 81.5 kW are accomplished at 20 kHz.

In Sec. 2.5, we have exploited the birefringence of the a-cut Nd:YLF crystal to
realize the selection of the polarization in a compact concave-plano resonator. We
experimentally find that a reliable linearly polarized TEMgyo-mode laser at 1053 nm can
be achieved in a cavity as short as 5 cm by using an a-cut Nd:YLF crystal with a
wedged angle of 3°. We further use a Cr*":YAG saturable absorber with an initial
transmission of 80 % to investigate the performance of the PQS operation for various
output couplings. With an output coupling of 30 %, the maximum output power of 2.3
W is generated at an incident pump power of 12 W, where the pulse repetition rate and
pulse width are 8 kHz and 9 ns, respectively. The corresponding pulse energy and peak

power are calculated to be up to 288 pJ and 32 kW, respectively.

With c-cut Nd:YLF crystal, we have developed a straightforward method to

implement the power scale-up of a compact high-pulse-energy PQS laser at 1053 nm
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with the Cr*":YAG crystal as a saturable absorber in a concave-plano cavity. We
numerically analyze the mode-to-pump size ratio as a function of the thermal focal
length to verify that decreasing the ROC of the concave mirror can effectually extend
the power scale-up for a laser in a concave-plano cavity to be influenced by a large
negative thermal lens. With the developed method, we experimentally make a
systematic comparison in the CW and PQS operations of the c-cut Nd:YLF laser to
confirm the negative thermal-lensing effect enhanced by the ETU effect. At an incident
pump power of 12.6 W, the optimum 1053-nm laser produces the maximum output
power of 2.61 W with a pulse width of 6 ns and a pulse repetition rate of 4.6 kHz. The
corresponding pulse energy and peak power are estimated to be up to 570 pJ and 95 kW,

respectively.

Moreover, we have developed a compact mJ- and ns-level end-pumped PQS
Nd:YLF/Cr*:YAG laser, where the pulse repetition rate can be easily controlled by the
pulsed laser diode in the range from 100 Hz to 1 kHz. We theoretically analyze and
experimentally realize that a nearly hemispherical tesonator can effectively enlarge the
laser mode area for energy scaling of the Q-switched laser. We also experimentally
confirm that the reduction of the thermal-lensing effect with pulsed pumping as
compared with CW pumping. The influences of the beam quality factors and the ROC
of the input mirror on the performance of the PQS Nd:YLF laser are comparatively
investigated. At a pulse repetition rate of 100" Hz, the pulse energy as large as 1.38 mJ
and the pulse duration as short as 5 ns are efficiently produced with this compact pulsed

laser.

Finally, the AO Q-switch has been utilized to achieve AQS operation in the c-cut
Nd:YLF crystal with the pulse repetition rate ranging from 5 to 40 kHz. Under an
incident pump power of 12.7 W, the maximum output power of 4.5 W is fulfilled at 5
kHz, whereas the shortest pulse duration of 25 ns, the largest pulse energy of 800 uJ,
and the highest peak power of 32 kW are accomplished at 40 kHz. In addition, we have
exhaustively explored the influences of the thermal effect and anisotropic property of
the AO Q-switch on the polarization characteristics of the c-cut Nd:YLF laser in the

CW and Q-switched operation for the first time.
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3.1 Intracavity Optical Parametric Oscillator

Since the laser has become an indispensable component in many practical
applications, laser safety attracts much attention, especially for the protection of eye
hazards. Figure 3.1.1 shows the transmission of the human eye from the cornea to the
retina and the absorption of the retina pigment epithelium as a function of the
wavelength [1]. It can be seen that the radiation above 1400 nm would be strongly
absorbed by the cornea and other tissues such as aqueous humor to considerably reduce
the light intensity reaching the retina. As a consequence, the wavelength longer than
1400 nm is located in the so-called “eye-safe” regime, where higher pulse energy can be

used without greatly damaging the human eyes.

High-peak-power eye-safe lasers have been rapidly developed since they are useful
for a wide variety applications such as remote sensing, radar system, range finder, and
biomedical research etc [2,3]. The. OPO-driven by the Q-switched Nd-doped crystal
laser is one of the best methods for-achieving nanosecond coherent radiation in the
eye-safe region due to its high efficiency, high reliability, low threshold, and inherent
robustness. Compared with the extracavity one, the IOPO intrinsically possesses the
merits of lower pump threshold and higher conversion efficiency thanks to the
multi-pass of the pump light through the-nonlincar crystal in the fundamental laser
cavity [4]. As a promising nonlinear crystal, the KTP crystal has the advantages of
higher damage threshold, relatively wide acceptance angle, and larger nonlinear
coefficient. Moreover, the KTP crystal with non-critical phase matching can maximize
the effective nonlinear coefficient and eliminate the walk-off effect that is beneficial for

efficient generation of the high-peak-power eye-safe lasers [5-10].
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Fig. 3.1.1. Transmission of the human eye from the cornea to the retina and the

absorption of the retina pigment epithelium as a function of the wavelength.
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3.2 Q-Switched Nd:YVO, Eye-Safe Laser at 1572 nm

I. Introduction

To efficient generate the eye-safe radiation with the Nd-doped crystal laser, the
IOPO cavity design is a crucial issue. We have reported that the scheme of the shared
IOPO cavity [11] could achieve higher amplitude stability than the coupled cavity
because more longitudinal modes could be simultaneously excited to reach OPO
threshold. However, the shared cavity usually leads to lower conversion efficiency than
the coupled cavity because of its longer cavity length. On the other hand, the
configuration of the coupled IOPO cavity is usually designed to share the same output
coupler with the fundamental cavity. Nevertheless, the amplitude stability of the signal
output is severely dependent on the IOPO cavity alignment because the resonator length
and the longitudinal-mode spacing are different for the fundamental and signal beams. It
is not capable of aligning individually the TOPO cavity and the fundamental cavity for
the coupled cavity. Consequently, the output power is very sensitive to the alignment of
the shared output coupler and is difficult to optimize. From a review of previous studies,
the power instability and the diode-to-signal conversion efficiency were 1.72 and 3.7 %
for a Nd:YAG/KTA laser [12], 4-and 18 % for a Nd:YVO./KTA laser [13], and 1.2 and
6.5 % for a Nd:YAG/KTP/KTA laser [14]. It is practically important to improve the
stability and attain high efficiency simultaneously in diode-pumped IOPOs.

In this section, we improve the performance of IOPO pumped by a diode-pumped
Q-switched Nd:YVO,/Cr*:YAG laser. The IOPO cavity is formed independently by a
monolithic KTP crystal in which the mirrors are directly deposited on top of the
nonlinear crystal. We study the performance of this IOPO cavity with different
reflectivity of the output coupler at 1.5 pm (R;) of 80 and 50 %. The output power at 1.5
pm is up to 3.3 W at the maximum incident pump power of 16.8 W, corresponding to
the diode-to-signal conversion efficiency of up to 20 %, which is the highest one for
IOPOs to our best knowledge. Moreover, the pulse amplitude fluctuations in standard
deviation are greatly improved to be 2.6 % for R, = 80 % and 4 % for R, = 50 %,

respectively.
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II. Experimental setup

Figure 3.2.1 presents the schematic experimental setup, which is designed
according to the guideline developed in Sec. 2.2. The 1064-nm resonator was formed by
a plano-concave mirror with the ROC of 100 mm and a flat mirror. The input concave
mirror was AR coated at 808 nm on the pump side, and was high reflection coated at
1064 nm and high transmission coated at 808 nm. The output coupler was coated to be
highly reflective at 1064 nm and highly transmissive at 1.5 um. The gain medium was a
12-mm-long a-cut 0.3 at.% Nd:YVOy crystal. Both end faces of the gain medium were
AR coated at 1064 nm. The Cr*":YAG crystal with an initial transmission of 80 % was
used for the PQS operation. Both end facets of the Cr*":YAG crystal were AR coated at
1064 nm and 1.5 pm. The gain medium and Cr*:YAG crystal were placed as close as
possible to the input mirror and output coupler to achieve a high-quality PQS operation.
Two KTP crystals with different coating characteristics were employed for comparison.
Both of them were 20-mm-long and they wete high transmission coated at 1064 nm and
high reflection coated at 1.5 pm on one face. The remaining faces were coated for high
transmission at 1064 nm together with R; = 80 % and R; = 50 % at 1.5 pum, respectively.
The KTP crystals were used in a type-II non-critical phase matched configuration along
the x-axis (6 = 90° and ¢ = 0°). The Nd:YVOj;, KTP, and Cr*":YAG crystals were
wrapped with indium foil and mounted in water-cooled copper heat sinks. The water
temperature was maintained at 20 °C. In comparison with our former work [15], we
used a monolithic KTP crystal alone as the independent IOPO cavity and utilized
another output coupler to form the fundamental cavity in this work. The pump source
was an 18-W fiber-coupled laser diode at 808 nm. The fiber had an 800-um core in
diameter and a numerical aperture of 0.2. A focusing lens with a focal length of 25 mm
and a coupling efficiency of 95 % was used to reimage the pump beam into the gain

medium.
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Fig. 3.2.1. Experimental setup for the diode-pumped Nd:YVO4/Cr*:YAG/KTP

eye-safe laser.
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III. Performance of IOPO operation

Figure 3.2.2 shows the output powers at 1572 nm with respect to the incident pump
power for R, = 80 and 50 %, respectively. The pump thresholds and the maximum
output powers for both cases are found to be almost the same, approximately 2 and 3.3
W. There are no obvious power roll-over phenomenon for both cases. The
diode-to-signal conversion efficiencies are about 20 %, which are the highest
conversion efficiencies among reported IOPOs performed with the Nd-doped crystal
lasers to our knowledge. The improvement of output power as well as the conversion
efficiency is very significant in comparison with our previous similar experiment [15].
Figure 3.2.3 depicts the pulse repetition rates with respect to the incident pump power
for R, = 80 and 50 %, respectively. The pulse repetition rates for both cases increase
linearly with the incident pump power and reach 80 kHz for R, = 80 % and 68 kHz for
R; = 50 % at the maximum incident pump power of 16.8 W. The pulse energies versus
the incident pump power for R; = 80 and 50:% are shown in Fig. 3.2.4. Both pulse
energies increase with the incident pump power initially and start to saturate at about 40
and 45 pJ under an incident pump power of 9 W..The pulse energy saturation could be

regarded as the satisfaction of the second threshold condition.

Figures 3.2.5 and 3.2.6 show the oscilloscope traces, which were recorded with a
LeCroy digital oscilloscope (Wavepro 7100, 10 G samples/sec, 1 GHz bandwidth) with
a fast InGaAs photodiode. Figure 3.2.5 illustrates the typical oscilloscope traces of the
Q-switched pulse train for both cases at the maximum incident pump power. The
amplitude fluctuations in standard deviation are 2.6 % for R; = 80 % and 4 % for R, =
50 %, respectively. Figure 3.2.6 presents the oscilloscope traces of a single pulse of the
fundamental (1064 nm) and signal (1572 nm) waves at various incident pump powers
for Ry = 80 and 50 %, respectively. For the case of R; = 80 %, the number of satellite
pulses in signal wave increases with the incident pump power. The ratio of the pulse
energy of the major pulse to that of the entire pulses is calculated to be 10-15 % for the
incident pump power higher than 12 W, where the pulse width of the major pulse is 2-3
ns. Hence the maximum peak power is estimated to be 1-2 kW. On the other hand, for
the case of R, = 50 %, the satellite pulse is not obvious for all pump powers because the
conversion threshold is increased by reducing the reflectivity at signal wave [16,17].
The pulse duration is about 1.2 ns for all pump powers and the highest peak power is

thus estimated to be 43 kW. To study the output power stability of the two cases, an
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hour-long power fluctuation test was demonstrated. As shown in Fig. 3.2.7, the
averaged output power is 3.34 W with a standard deviation of 6.9 mW for R, = 80 %
and the averaged output power is 3.3 W with a standard deviation of 35 mW for R, = 50
%. The corresponding fluctuations in standard deviation are 0.2 and 1.0 % for R, = 80

and 50 %, respectively.
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Fig. 3.2.2. Dependence of the output powers at 1572 nm on the incident pump power.
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Fig. 3.2.5. Typical oscilloscope traces of the Q-switched pulse trains at 1572 nm.
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3.3 Q-Switched Nd:YLF Eye-Safe Laser at 1552 nm

I. Introduction

Nonlinear frequency conversion offers an useful method for extending the spectral
range of available solid-state laser sources as long as the polarization state and the
direction of the beam propagation are properly designed to meet the phase matching
condition. Linearly polarized fundamental beam is usually adopted to perform an
efficient extracavity nonlinear frequency conversion with a simple single-pass
configuration. Compared with the extracavity method, the intracavity nonlinear
frequency conversion takes the advantage of the multi-pass of the fundamental beam
through the nonlinear crystal to effectively reduce the pump threshold and make the
resonator more compact. Generally speaking, the multiple round trips can cause the
polarization state of the fundamental beam to be changed by the birefringence in the
laser cavity. The birefringence-induced polarization switching may be the main
mechanism why efficient intracavity nonlinear frequency conversions, such as harmonic
generations [18-21] and optical parametric oscillations-{12,22-25], can be successfully
realized by using the optically isotropic’ materials’ without any active polarization
control in the optical resonator. For.example, the output power as high as 36.9 W at 532
nm with the Nd:YAG crystal has been achieved by using an intracavity frequency
doubling configuration [21], and the intracavity Nd:YAG/KTA OPO has efficiently
generated the eye-safe radiation at 1.54 um with the output power up to 12.7 W [25].
However, so far the effect of the birefringence-induced polarization switching in the
process of intracavity nonlinear frequency conversion has not been experimentally

manifested.

In this section, a high-pulse-energy eye-safe laser at 1552 nm is effectually
generated by an intracavity Nd:YLF/KTP OPO with the help of the thermally induced
polarization switching. We experimentally verify the thermally induced birefringence
can lead to a polarization switching between the mutually orthogonal components of the
fundamental pulses. Consequently, an efficient intracavity nonlinear frequency
conversion can be achieved in an optically isotropic laser crystal without any additional
polarization control. With this finding, the pulse energy and peak power of the compact

Nd:YLF/KTP eye-safe laser under an incident pump power of 12.7 W and a pulse
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repetition rate of 5 kHz are up to 306 uJ and 4 kW, respectively.
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II. Experimental setup

The experimental setup for the Nd:YLF/KTP eye-safe laser is schematically shown
in Fig. 3.3.1. The input mirror was a concave mirror with the ROC of 300 mm. It was
AR coated at 806 nm on the entrance face, and was coated at 806 nm for high
transmission as well as 1053 nm for high reflection on the second surface. The gain
medium was a 0.8 at. % c-cut Nd:YLF crystal (CASTECH) with the diameter of 4 mm
and the length of 15 mm. Both facets of the laser crystal were AR coated at 806 and
1053 nm. Note that although it is an uniaxial crystal with the highly anisotropic property,
the Nd:YLF crystal effectively exhibits the optically isotropic characteristics in the
transverse plane when it is cut along the crystallographic ¢ axis. The orientation of the
rod axis of the present c-cut crystal to the crystallographic ¢ axis was within 1 degree.
The KTP crystal with dimensions of 5 x 5 x 30 mm’ was x-cut at & = 90°, ¢ = 0° for the
type-II non-critically phase-matched OPO operation. The pump face of the KTP crystal
was high transmission coated at 1053.am as well as high reflection coated at 1552 nm
that acted as the front mirror of the IOPO cayvity, while the other face of the KTP crystal
was AR coated at 1053 nm and partially-reflection coated at 1552 nm with a reflectivity
of 80 %. Both Nd:YLF and KTP crystals were wrapped with indium foil and mounted
in water-cooled copper heat sinks at 18 °C. A 20-mm-long AO Q-switch (Gooch &
Housego) was AR coated at 1053 nm en both surfaces. It was placed in the center of the
laser cavity, and was driven at a central frequency of 41 MHz with a RF power of 25 W.
A flat mirror that is high reflection coated at 1053 nm and high transmission coated at
1552 nm was utilized as the output coupler during the experiment. The pump source
was an 806-nm fiber-coupled laser diode with a core diameter of 600 um and a
numerical aperture of 0.2, respectively. The polarization state emitted from the
fiber-coupled laser diode was measured to be randomly polarized. The pump beam was
reimaged into the laser crystal with a lens set that has a focal length of 25 mm with a
magnification of unity and a coupling efficiency of 90 %. The length of the fundamental
laser cavity was set to be L.,, = 115 mm for the construction of a compact AQS eye-safe
laser. The pulse temporal behaviors were recorded by a LeCroy digital oscilloscope
(Wavepro 7100, 10 G samples/s, 1 GHz bandwidth) with a fast InGaAs photodiode. The
spectral information of the laser output was measured by an optical spectrum analyzer
(Advantest 8381A) that is constructed with a diffraction monochromator with the

resolution of 0.1 nm.
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Fig. 3.3.1. Schematic of the cavity setup for a KTP-based IOPO pumped by an AO
Q-switched c-cut Nd:YLF laser.
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III. Performance of IOPO operation

The orientation of the y-axis of the KTP crystal was set to be parallel to the base of
the AO Q-switch since the fundamental beam is partially polarized in the horizontal
direction, as explored in Sec. 2.8. As a result, the oscillated polarization of the present
eye-safe laser is horizontally polarized as derived from the type-II phase matching
condition. Figure 3.3.2 displays the output powers at 1552 nm with respect to the
incident pump power at 806 nm at a pulse repetition rate of 5, 8, 10, 20, and 40 kHz,
while the inset of Fig. 3.3.2 shows the optical spectrum of the OPO signal wave with the
central wavelength at 1552 nm. If the polarization state of the fundamental beam
changes from linear to nearly random statuses with increasing the incident pump power
as observed in Fig. 2.8.2(b), the saturation of the output powers at 1552 nm should be
expected. However, it is apparent that the output powers at 1552 nm are almost linearly
proportional to the incident pump power at 806 nm in the present situation. For the sake
of discovering the interacted mechanism between the fundamental and OPO signal
pulses, we used a polarization beam splitter. to simultaneously monitor the temporal
behaviors of the mutually orthogonal ‘polarization® components of the depleted
fundamental pulses. Firstly, Fig. 3.3.3 describes the input fundamental pulses without
the IOPO conversion at a pulse repetition rate of 5 kHz. It is obvious that the behaviors
of the originally input fundamental pulses with-mutually orthogonal polarizations are
nearly the same. Figures 3.3.4(a)-(d) illustrate the characteristics of the depleted
fundamental pulses with mutually orthogonal polarizations at a pulse repetition rate of 5
kHz when the incident pump power is increased. Note that the intensities for each case
are normalized with respect to the peak of the originally input fundamental pulses.
Initially, the 1552-nm pulses are mainly generated by the horizontally polarized
fundamental pulses, which is consistent with the requirement of the type-II phase
matching. However, it is experimentally found that the vertically polarized fundamental
pulses can switch to the horizontally polarized state to participate in the IOPO
conversion process. Further increasing the incident pump power, more and more parts
of the vertically polarized fundamental pulses are contributed to the generation of the
eye-safe radiation, as can be seen clearly in Figs. 3.3.4(a)-(d). Although the effect of the
optically induced birefringence has been explored in the optically isotropic Nd:glass and
Nd:YAG crystals [26,27], we infer that the thermally induced birefringence is the main

mechanism that explains the polarization interaction and switching in the present IOPO
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conversion process. The deduction is based on the degree of the polarization switching
is increased with increasing the incident pump power. It is also worthwhile to mention
that the polarization switching is consistent with the roll-over phenomena obtained with
the linearly polarized c-cut Nd:YLF laser in Sec. 2.8, both observations are originated
from the fact of the polarization state to be significantly influenced by the thermal effect
in the laser crystal. To be brief, we first experimentally manifest that the thermally
induced polarization switching plays a vital role in accomplishing an efficient
intracavity conversion process in an optically isotropic crystal without any active
polarization control. We believe that the observed phenomena can provide important

insights into the laser physics in an intracavity nonlinear frequency conversion process.

Figures 3.3.5(a) and (b) demonstrate the typical temporal behaviors of the single
pulse shape and pulse trains at 1552 nm under an incident pump power of 12.7 W and a
pulse repetition rate of 5 kHz. The relatively long pulse with a remarkable tail depicted
in Fig. 3.3.5(a) means that the eye-safe radiation is generated with several round trips
inside the IOPO cavity. Consequently, the time-averaged effect as a result of this long
pulse duration can alleviate the instability probably caused by the polarization switching
of the fundamental pulses. The above-mentioned inspection can also be confirmed by
referring to Fig. 3.3.5(b), “where the -peak-to-peak amplitude fluctuation is
experimentally found to be within 10.% over an hour-long operation. According to Fig.
3.3.2, the maximum output power at 1552 nm is up to 1.56 W under an incident pump
power of 12.7 W and a pulse repetition rate of 5 kHz, corresponding to the
diode-to-signal conversion efficiency of 12.3 %. The optical conversion efficiency is
comparable with those obtained with the eye-safe radiations driven by the linearly
polarized fundamental lasers thanks to the assistance of the thermally induced

polarization switching [5,7,28,29].

On the basis of Figs. 3.3.2 and 3.3.5, the pulse energy can be calculated to be as
high as 306 pJ and the peak power can be numerically evaluated to be about 4 kW. In
comparison with the reported KTP-based IOPOs pumped by the continuously
diode-end-pumped Nd-doped crystal lasers, we have achieved the largest pulse energy
of the eye-safe radiation by using the Nd:YLF crystal as a gain medium. This implies
that the Nd:YLF crystal is potentially favorable to be employed for the construction of

high-pulse-energy lasers.
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Fig. 3.3.2.  Output powers at 1552 nm as a function of the incident pump power at 806
nm under a pulse repetition rate of 5, 8, 10, 20 and 40 kHz, respectively; Inset: Optical
spectrum of the Nd: YLF/KTP eye-safe laser.
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3.4 Conclusion

In this chapter, a novel concept of a separable monolithic IOPO cavity is originally
proposed. With the developed approach, we have remarkably improved the stability and
efficiency in a diode-pumped Q-switched Nd:YVO4/Cr*:YAG IOPO laser with a
type-1I non-critical phase-matched KTP crystal. We study the performance of this IOPO
cavity for R; = 80 and 50 %. The output powers at 1552 nm are up to 3.3 W at the
maximum incident pump power of 16.8 W for both cases with the instability of 0.2 %
for R, = 80 % and 1 % for R, = 50 %, respectively. The diode-to-signal conversion
efficiency that defined by the ratio of the output power at 1552 nm to that at 808 nm is
up to 20 %, which is the highest one for IOPOs driven by Nd-doped crystal lasers to the

best of our knowledge.

With the same design concept, we have realized an efficient high-pulse-energy
eye-safe radiation in a KTP-based.IOPO pumped by a c-cut Nd:YLF laser with the
birefringence-induced polarization switching. The Q-switched Nd:YLF laser developed
in Sec. 2.8 is utilized to intracavity pump a type-Il non-critically phase-matched KTP
crystal for the generation of the eye-safe radiation at 1552 nm. We properly measure the
temporal behaviors of the depleted fundamental pulses to manifest that the thermally
induced birefringence can lead the mutually orthogonal polarization states of the
fundamental pulses to be effectively switched. This successive polarization switching is
experimentally confirmed to be the key mechanism in achieving an efficient IOPO
without any additional polarization control. With this finding, this compact
Nd:YLF/KTP eye-safe laser effectually produces the pulse energy and peak power of up
to 306 wJ and 4 kW under an incident pump power of 12.7 W and a pulse repetition rate
of 5 kHz. To the best of our knowledge, this is the largest pulse energy ever reported
among the continuously diode-end-pumped Nd-doped crystal/KTP eye-safe lasers.
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4.1 Second Harmonic Generation at 532 nm

I. Introduction

With the improved quality of the nonlinear crystal as well as the great advance of
the laser engineering, green lasers at 532 nm based on either ESHG or ISHG of the
Q-switched Nd-doped crystal lasers at 1064 nm have been extensively studied in a
variety of literatures and popularly applied in many commercial fields [1-8]. Employing
the ISHG possesses the merit of the multi-pass of the fundamental IR beam through the
nonlinear crystal inside the laser cavity, which can eliminate the need for focusing
optics and make the resonator more compact, while the ESHG is characterized by the
easy achievement of the high-power, high-repetition-rate, and high-beam-quality green
laser emission. Although the difference of the temperature insensitivity between the two
configurations was recently discussed [9], a thorough comparison between the output
performance of the ESHG and ISHG under a similar operated circumstance has not

been investigated to date.

In this section, we construct a reliable AQS Nd:YVO, laser to comparatively
investigate the output performance of the SHG between the extracavity and intracavity
configurations under a similar operated condition: It is experimentally found that the
peak power at 532 nm obtained with the ESHG is remarkably higher than that obtained
with the intracavity configuration, even though the higher output power and larger pulse

energy can be acquired with the ISHG.
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II. Experimental setup

Figures 4.1.1(a) and (b) schematically depict the experimental arrangements for the
diode-pumped AQS Nd:YVO; lasers configured with the ESHG and ISHG, respectively.
The gain medium was a 0.1 at. % a-cut Nd:YVOj crystal with the dimensions of 3 mm
X 3 mm x 12 mm. The Nd:YVO; crystal was chosen because it is characterized by high
stimulated emission cross section, good thermal and mechanical properties that is
inherently favorable for constructing a high-power, high-repetition-rate Q-switched
laser. The gain medium was placed adjacent to the input mirror for the convenience of
the end-pumped scheme. Both facets of the laser crystal were AR coated at 808 and
1064 nm. The Nd:YVO, crystal was wrapped with indium foil and mounted in a
water-cooled copper heat sink at 18 °C. The pump source was a fiber-coupled laser
diode at 808 nm with a core diameter of 600 um and a numerical aperture of 0.16. The
pump beam with the spot radius of about 310 um was reimaged inside the gain medium
with a lens set that has a focal length of 25 mm and a coupling efficiency of 90 %. The
input flat mirror was AR coated.at 808 nm on the entrance face, and it was coated for
high transmission at 808 nm as well as for high reflection at 1064 and 532 nm on the
second surface. A 20-mm-long AO Q-switch (Gooch & Housego) was adopted to offer
a high-stability and low timing jitter pulsed operation with a continuously adjustable
pulse repetition rate. The AO Q-switeh was located in the center of the laser cavity. It

was driven at a modulated frequency of 41 MHz with a RF power of 25 W.

For the ESHG, the output coupler with a reflectivity of 50 % at 1064 nm was
experimentally found to give the best performance in output power, while a flat mirror
that is coated for high reflection at 1064 nm and for high transmission at 532 nm was
utilized as the output coupler for the ISHG. It is worthwhile to mention that although
the ISHG generally configures a folding mirror between the frequency doubler and laser
crystal to couple out the green beam after double-passing the nonlinear crystal, the aim
of the present investigation is concentrated on the comparison of the ESHG and ISHG
on the basis of a compact linear plane-parallel resonator. Moreover, the coating with
high reflection at 532 nm for the input mirror ensures the backward propagation of the
green beam to be unidirectionally emitted through the output coupler. Also note that the

current parameters and optical elements have been experimentally optimized.

As a frequency doubler, here we utilized the LBO crystal which is featured by high
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damage threshold, large acceptance angle, moderate nonlinear coefficient, and small
walk-off angle. The LBO crystal was with the dimensions of 3 x 3 x 20 mm’, and it was
cut at = 90" and ¢ = 10.4° for the type-I phase-matched SHG at a temperature of 47 °C.
Both surfaces of the SHG crystal were AR coated at 1064 and 532 nm. The temperature
of the LBO crystal was monitored by a thermo-electric controller with the precision of
0.1°C. For the ESHG, a convex lens was employed to focus the fundamental beam into
the SHG crystal. The convex lens had the focal length of 38 mm and it was AR coated
at 1064 nm on both sides. For the ISHG, the LBO crystal was put near the output
coupler where the mode radius inside the laser cavity is the smallest. The cavity lengths
L., for both cases were optimized according to the criterion of suppressing the parasitic
lasing effect introduced in Sec. 2.3, which were approximately 143 mm, to realize
effective AO Q-switched operations. The pulse temporal behaviors were monitored with
a fast Si photodetector, whose signal was analyzed by a digital oscilloscope (LeCroy,
Wavepro 7100) with the sampling interval of 0.1 ns and the electrical bandwidth of 1
GHz.
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Fig. 4.1.1. Schemes of the cavity setup for the diode-pumped AQS Nd:YVO;, lasers
configured with the (a) ESHG and (b) ISHG.
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III. Comparison of output performance between ESHG and ISHG

After optimizing the ESHG and ISHG individually, the output powers at 532 nm
for the two configurations with respect to the pulse repetition rate were measured under
an incident pump power of 26 W at 808 nm, as illustrated in Fig. 4.1.2(a). The output
powers at 532 nm obtained with the ISHG are generally found to be 30-40 % higher
than the results obtained with the ESHG, where the maximum output powers of 5.76
and 4.5 W for the ISHG and ESHG are achieved at a pulse repetition rate of 40 kHz,
corresponding to the conversion efficiencies from 808 to 532 nm of 22.2 and 17.3 %,
respectively. The increased interaction length thanks to the multi-pass of the
fundamental beam through the LBO crystal undoubtedly explains why the higher
conversion efficiency from 808 to 532 nm of the ISHG can be achieved as compared
with that of the ESHG. Note that although the Nd:YVOy crystal slightly absorbs the
radiation around 532 nm, it is experimentally found that the present ISHG shows a
comparable conversion efficiency to the previous works [3-8], and it exhibits an
excellent reliability over an hour-long.operation. Figure 4.1.2(b) illustrates the
dependences of the pulse energy at 532 nm on the pulse repetition rate for both cases.
By increasing the pulse repetition rate from 30 to 100-kHz, the pulse energy changes
from 177 to 42 wJ for the ISHG, and it varies from 133-to 29 uJ for the ESHG. The full
width at half maximum (FWHM) of the envelop-of the Q-switched pulse at 532 nm as a
function of the pulse repetition rate is depicted in Fig. 4.1.2(c). When the pulse
repetition rate increases from 30 to 100 kHz, the pulse durations for the ESHG and
ISHG are found to change from 8 to 14 ns and 10 to 42 ns, respectively. The beam
quality factors were experimentally measured to be M,° ~ 1.25 and MyZ ~ 1.35 for the

ESHG, while these values were sz ~1.21 and Myz ~ 1.24 for the ISHG.

Typical temporal behaviors for the two configurations under an incident pump
power of 26 W at 808 nm and a pulse repetition rate of 40 kHz are shown in Figs.
4.1.3(a) and (b), respectively. From the insets in Figs. 4.1.3(a) and (b), it is obvious that
both pulses exhibit the modulation which probably comes from the frequency beating of
adjacent longitudinal modes. It is also experimentally found that the Q-switched pulse
for the ISHG has a relatively wide pulse duration and it is always accompanied with a
long tail, which is resulted from the high finesse of the laser resonator. With the
numerical integration of the temporal pulse profile and the experimentally obtained

pulse energy, the peak powers for both cases are precisely evaluated, as displayed in Fig.
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4.1.3(c). It is intriguing that the peak powers for the ESHG are significantly higher than
those for the ISHG, even though the higher output powers and larger pulse energies are
accomplished with the ISHG. The peak powers for the ESHG and ISHG are found to
decrease from 30.4 to 3.7 kW and 11.6 to 1.4 kW with the increase of the pulse

repetition rate from 30 to 100 kHz, respectively.
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4.2 Third Harmonic Generation at 355 and 351 nm

I. Introduction

In recent years, UV light sources have been rapidly developed because they are
useful in many applications such as rapid prototyping, laser printing, laser processing,
spectroscopy, optical data storage, medical treatment and so on. Compared with other
UV lasers, diode-pumped all-solid-state lasers with extracavity harmonic generations
intrinsically possess advantages of smaller focused size, higher efficiency, longer life

time, higher stability, easier implement and smaller system size etc [10-14].

Although utilizing third-order nonlinearity to directly perform THG exists in
principle, typical values of third-order nonlinearity are generally smaller than that of
second-order nonlinearity in nonlinear crystals. Practically, the THG of the Nd-doped
crystal IR laser consists of two cascaded harmonic generations. The first stage is
converting the fundamental IR beam to the visible green light by frequency doubling of
the Nd-doped crystal laser at the 4F3/2 — 4111/2 transition. The generated second
harmonic radiation is subsequently mixed with the residual fundamental wave via sum

frequency process to produce the UV laser near 0.35 um.

During the early research on the extracavity THG (ETHG) of the all-solid-state
laser, the KTP crystal was employed as the frequency doubler because of its large
second-order nonlinearity for the SHG. However, the problems of gray tracking as well
as low damage threshold make the KTP crystal unfavorable to be used in high-power
and high-repetition-rate extracavity harmonic generation. Moreover, the type-II phase
matching condition for the KTP crystal leads the polarizations for the fundamental and
the second harmonic waves to be neither perpendicular nor parallel before performing
sum frequency process. This means the beam manipulations for the fundamental and
second harmonic waves before frequency tripler is needed. As a result, the conversion
efficiency from 1064 to 355 nm and the UV output power obtained with the KTP crystal

as the frequency doubler were quite low [15,16].

Currently, the most efficient way in obtaining the UV lasers near 0.35 pum is by
frequency doubling with the type-I phase matching of a portion of the fundamental

Nd-doped crystal laser near 1 pum and subsequently sum frequency generation with
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type-1I phase matching of the residual fundamental beam and the frequency doubled
radiation. The easy implementation of the described scheme is due to the fact that the
fundamental and frequency doubled beams after the first nonlinear crystal have
mutually orthogonal polarizations, which are exactly what is required for type-II phase
matching in the second nonlinear crystal. There is no need for beam manipulation
between the nonlinear crystals except for possible requirement of focusing optics.
Usually, LBO crystals are utilized for both processes thanks to high damage threshold,
relatively large acceptance angle, low absorption in visible and UV ranges, and small

walk-off angle etc [17-20].

In this section, the optimized Q-switched Nd:YVO, and Nd:YLF IR lasers
developed in Chap. 2 are employed to generate green and UV radiations in the
processes of ESHG and ETHG. For the PQS Nd:YVO,4 UV laser, the maximum output
power at 355 nm is up to 1.62 W, corresponding to the optical conversion efficiency
from 1064 to 355 nm of 26 %. For the AQS Nd:YVO, UV laser, the maximum output
power of 6.65 W at 355 nm with the optical conversion efficiency from 1064 to 355 nm
as high as 38.2 % is achieved. For the PQS Nd:YLF UV laser, the largest pulse energy
of 360 pJ at 351 nm is efficiently obtained.
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II. Passively Q-switched Nd:YVO, UV laser at 355 nm

Here LBO crystals are exploited as nonlinear frequency converters for SHG and
THG of the PQS Nd:YVO; laser at 1064 nm developed in Sec. 2.2. One LBO crystal
with dimensions of 3 x 3 x 15 mm’ was cut at @ = 90°, ¢ = 10.4° for type-I
phase-matched SHG at a temperature of 46.6 °C. Both facets of the SHG crystal were
AR coated at 1064 and 532 nm. Another LBO crystal with dimensions of 3 x 3 x 10
mm® was cut at @ = 44°, ¢ = 90° for type-II phase-matched THG at a temperature of 48
°C. Both facets of the THG crystal were AR coated at 1064, 532, and 355 nm. The
temperatures of the SHG and THG nonlinear crystals were monitored by thermoelectric
controllers with the precision of 0.1 °C. Two convex lenses were used to focus the laser
beams into the SHG and THG nonlinear crystals for achieving efficient harmonic
generations. The former one with focal length of 38 mm was AR coated at 1064 nm on
both sides, the latter one with focal length of 19 mm was AR coated at 1064 and 532 nm
on both sides. The optimized geometrical distances of L;, L, L; and L, indicated in Fig.
4.2.1 were experimentally determined to.be approximately 100, 50, 40, and 20 mm,

respectively.

After optimization in the extracavity harmonic generations, the dependences of the
output powers at 532 and 355 nm on the incident pump power at 1064 nm are shown in
Fig. 4.2.2. At the maximum incident pump power of 6.3 W at 1064 nm, the highest
output powers at 532 and 355 nm reach 2.2 and 1.62 W with a pulse width as short as 5
ns and a pulse repetition rate of 56 kHz. Accordingly, the highest pulse energies at 532
and 355 nm are found to be 39 and 29 pJ. More importantly, the largest peak powers at
532 and 355 nm as high as 7.8 and 5.8 kW are achieved. The optical conversion
efficiencies from 1064 to 355 nm and 808 to 355 nm are up to 26 and 10 %,
respectively. With the knife-edge method, the beam quality factors at 355 nm for

orthogonal directions were measured to be M,’ < 1.2 and MyZ < 1.3, respectively.

Finally, it is worthwhile to mention that although the intracavity focusing obtained
from the three-element resonator can effectively enlarge the ratio of the laser mode area
in the gain medium to that in the saturable absorber to meet the second threshold
condition, it will not only add complexities to the overall laser cavity but also reduce the
peak power that is detrimental for efficient extracavity harmonic generations.

Employing a c-cut Nd:YVO, that has smaller stimulated emission cross section is
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another suitable way to satisfy the second threshold condition; however, the
non-polarized laser output is problematic in the processes of extracavity harmonic
generations, in which the linearly polarized fundamental beam is usually required.
Comparative speaking, using a simple concave-plano resonator to construct a compact
high-power PQS Nd:YVO4/Cr*":YAG laser with constantly linear polarization is a
practical method to simultaneously satisfy the second threshold condition and provide

adequate peak power for efficient extracavity harmonic generations.
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Fig. 4.2.1. Schematic of the experimental setup for the ESHG and ETHG.
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[I. Actively Q-switched Nd:YVO, UV laser at 355 nm

The experimental setup for the SHG and THG of the AQS Nd:YVOq laser at 1064
nm developed in Sec. 2.3 is the same as that described in Fig. 4.2.1, except that the
optimized geometrical distances of L,, L,, L3 and L, were experimentally determined to

be approximately 70, 43, 34, and 21 mm, respectively.

After optimization in the extracavity harmonic generations, the output power, the
pulse energy, and the peak power at 532 and 355 nm versus the pulse repetition rate
under an incident pump power of 44 W are shown in Figs. 4.2.3(a)-(c), respectively.
Although the conversion efficiency of harmonic generations increases with decreasing
the pulse repetition rate, the output power at 1064 nm is proportional to the pulse
repetition rate in the range of 20-50 kHz. As a result, the highest output powers for
ESHG and ETHG are found to be approximately at a pulse repetition rate of 40 kHz and
their values at 532 and 355 nm are 8.38 and 6.65 W, respectively. The corresponding
optical conversion efficiencies from 808 to 355 nm and 1064 to 355 nm are up to 15.1
% and 38.2 %, respectively. On'the other hand, at a pulse repetition rate of 20 kHz, the
largest pulse energy and the highest peak power at 532 nm are found to be 270 uJ and
30 kW, respectively. Similarly, at a. pulse repetition rate of 20 kHz, the largest pulse
energy and the highest peak power at 355 nm are found to be 200 pJ and 22 kW,
respectively. With the knife-edge method, the beam quality factors at 355 nm for

orthogonal directions were measured to be sz < 1.2 and Myz <1.3.

To manifest the influence of parasitic lasing on the extracavity harmonic
generations discussed in Sec. 2.3, the Q-switched laser with L., = 16 cm was also
employed to perform the process of SHG and THG. Experimental results reveal that
even though the average output power at 1064 nm obtained with L.,, = 16 cm is nearly
the same as that obtained with L., = 20 cm, the average output powers at SHG and
THG obtained with L., = 16 cm were found to be 15-25 % lower than the results
obtained with L., = 20 cm. The lower conversion efficiencies obtained with L.,, = 16
cm confirm that the parasitic lasing effect leads to the peak-power reduction in

Q-switched lasers.
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IV. Passively Q-switched Nd:YLF UV laser at 351 nm

The experimental setup for the SHG and THG of the PQS Nd:YLF laser at 1053
nm developed in Sec. 2.7 is similar to that described in Fig. 4.2.1. The first LBO crystal
with dimensions of 3 x 3 x 10 mm’ was cut at & = 90°, ¢ = 11.1° for type-I
phase-matched SHG at a temperature of 47°C. Both facets of the SHG crystal were AR
coated at 1053 and 527 nm. Another LBO crystal with dimensions of 3 x 3 x 10 mm®
was cut at = 46.4°, ¢ = 90° for type-II phase-matched THG at a temperature of 48°C.
Both surfaces of the THG crystal were AR coated at 1053, 527, and 351 nm. The
thermoelectric controllers with a precision of 0.1 ‘C were utilized to monitor the
temperatures of the SHG and THG nonlinear crystals. The laser beams were focused
into the SHG and THG nonlinear crystals with two individual convex lenses for
achieving efficient harmonic generations. The former one with focal length of 38 mm
was AR coated at 1053 nm on both sides, the latter one with focal length of 19 mm was
AR coated at 1053 and 527 nm on both facets. The optimized geometrical distances of
L;, L,, L; and L, were experimentally determined to be approximately 76, 62, 31, and 29

mm, respectively.

Figures 4.2.4(a) and (b) show the pulse energies at 527 and 351 nm as a function of
the pulse repetition rate. The pulse energy for the extracavity harmonic generation is
determined by the combined effects of the spatial and temporal properties of the
fundamental laser; that is, the beam quality factors and the peak power. Based on the
present experimental circumstance, the largest pulse energies at 527 and 351 nm are
achieved to be 490 and 360 pJ under a pulse repetition rate of 100 Hz, respectively. On
the other hand, the pulse durations at 527 and 351 nm are experimentally found to be in
the range 4-9 ns, depending on the ROC of the input mirror. In comparison with the
studies in Refs. [21,22], we believe that the end-pumped scheme is a more feasible way
to obtain a nearly diffraction-limited pulsed laser, and the efficient extracavity harmonic

generations validate the applicability of our cavity design.
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4.3 Fourth Harmonic Generation at 266 nm

I. Introduction

Recently, DUV light sources have also been rapidly developed because of their
usefulness in a large number of industrial applications and scientific fields. Nowadays,
the EFHG performed by the Nd-doped crystal laser at 1064 nm provides a convenient
and reliable way to obtain the DUV radiation at 266 nm, which intrinsically takes the
advantages of higher efficiency, longer lifetime, higher stability, easier implement, and
smaller system size etc. The principle of the FHG with the widely used Nd-doped
crystal at the 4F3/2 — 4111/2 transition is based on the cascaded processes of the SHG.
The first stage is converting the fundamental IR beam to the visible green light by
frequency doubling of the Nd-doped crystal laser at 1064 nm, and one subsequently
performs another SHG of the generated 532-nm radiation to acquire the DUV laser at
266 nm [23-28].

In this section, based onthe green lasers discussed in Sec. 4.1, we perform the
EFHG to verify that the ESHG is more advantageous in generating DUV laser at 266
nm than the intracavity one, where the conversion efficiencies from 532 to 266 nm for
the two cases are 37.1 and 7.2 %, respectively. Moreover, the output power at 266 nm
as high as 1.67 W is effectually generated with the combination of the ESHG and
EFHG under an incident pump power of 26 W at 808 nm and a pulse repetition rate of

40 kHz, corresponding to the conversion efficiency from 808 to 266 nm of up to 6.4 %.
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II. Experimental setup

Among several nonlinear crystals for realizing an efficient EFHG at 266 nm, we
chose the BBO crystal because of its high nonlinear coefficient and low hygroscopic
property. The dimensions of the BBO crystal were 3 x 3 x 10 mm’, and it was used as
the type-I phase-matched condition at room temperature along the direction at = 47.6°,
¢ = 0°. Both surfaces of the BBO crystal were AR coated at 1064, 532, and 266 nm. A
convex lens with a focal length of 19 mm was employed to focus the green light into the
BBO crystal for realizing an efficient EFHG operation. Both sides of the convex lens
were AR coated at 1064 and 532 nm. Although the same optical components for the two
configurations were exploited, the EFHG processes were individually optimized for the
ESHG or ISHG. The geometrical distance of Ls and L indicated in Fig. 4.3.1 were 25
and 22 mm for the ESHG, while for the ISHG they were 16 and 30 mm.
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Fig. 4.3.1. Arrangement of the experimental setup for the EFHG.
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ITI. Conversion efficiencies in the EFHG process with ESHG and ISHG

Figure 4.3.2 graphically summarizes the output characteristics at 266 nm by
frequency doubling of the green lasers at 532 nm obtained with the ESHG and ISHG.
Note that the incident powers at 532 nm for the ESHG are 30-40 % lower than those for
the ISHG, as illustrated in Fig. 4.1.2(a). However, it is apparent that the conversion
efficiencies in the EFHG process obtained with the ESHG are noticeably higher than the
results obtained with the ISHG, as exhibited in Fig. 4.3.2(a). For the ESHG, the highest
output power at 266 nm of 1.67 W is achieved under the maximum incident power of
4.5 W at 532 nm. The corresponding conversion efficiencies from 808 to 266 nm and
from 532 to 266 nm are up to 6.4 and 37.1 %, respectively. Note that the conversion
efficiencies from 808 to 266 nm and from 532 to 266 nm obtained with the previous
studies on the DUV generation at 266 nm were not more than 3 and 20 % [25-28]. The
high optical conversion efficiency achieved in this work is believed to come from the
optimization of the AO Q-switched laser without the parasitic lasing effect as well as
the use of the convex lens to focus the green light into the BBO crystal. On the other
hand, the highest output power at 266 nm for the ISHG is only 0.46 W under the
maximum incident power of 5.76 W at 532 nm. The corresponding optical conversion
efficiencies from 808 to 266 nmand from 532 t0 266 nm are 1.8 and 7.2 %, respectively.
The more efficient DUV attainment obtained with the ESHG is definitely due to the fact
that the considerably higher peak power greatly enhances the conversion efficiency in

the EFHG process as compared with the ISHG.

The pulse energies at 266 nm versus the pulse repetition rate for both cases are
illustrated in Fig. 4.3.2(b). The pulse energy at 266 nm decreases from 51 to 6.5 pJ for
the ESHG and from 15 to 1 pJ for the ISHG by increasing the pulse repetition rate from
30 to 100 kHz. Figure 4.3.2(c) presents the dependences of the peak power at 266 nm
on the pulse repetition rate for both cases. When the pulse repetition rate increases from
30 to 100 kHz, the peak powers for the ESHG and ISHG vary from 7.3 to 0.4 kW and
from 1.2 to 0.1 kW, respectively. Owing to the combined effect of the large walk-off
property of the BBO crystal and the tight-focusing scheme of the extracavity harmonic
generation, the beam quality factors for the two cases are both found to be relatively
poor; that is, sz ~ 2, and My2 ~ 1.5. On the whole, we have experimentally manifested
that using the ESHG to perform EFHG can provide a superior laser performance at 266

nm in output power, pulse energy, and peak power in comparison with the ISHG. We
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believe that the comparison presented here can give important insights into the fields of

the laser technology and the harmonic generation.
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4.4 Conclusion

Efficient extracavity harmonic generations performed with optimized Q-switched
Nd-doped crystal IR lasers are successfully achieved. First of all, we properly design an
efficient and reliable single-end-pumped AQS Nd:YVO, laser to make a systematic
comparison of the output performance at 532 nm between the extracavity and
intracavity configurations in the SHG process. Experimental investigations reveal that
the output power and pulse energy obtained with the ISHG are higher than the results
obtained with the ESHG under the same incident pump power and pulse repetition rate.
Nevertheless, the relatively wide pulse duration accompanied with a long tail due to the
high finesse of the laser cavity is experimentally found to lead the peak power obtained
with the ISHG to be significantly lower than that obtained with the ESHG. Under an
incident pump power of 26 W at 808 nm, the maximum output powers of 4.5 and 5.76
W and the largest pulse energies of 133 and 177 pJ are accomplished for ESHG and
ISHG, whereas the highest peak powers obtained with ESHG and ISHG are found to be
30.4 and 11.6 kW, respectively:

In Sec. 4.2, utilizing the developed PQS Nd:Y VO laser to perform the ESHG and
ETHG, the maximum output powers at 532 and 355 nm are found to be up to 2.2 and
1.62 W with a pulse width as short as S-ns-and a pulse repetition rate of 56 kHz. The
largest pulse energy and the highest peak power at 355 nm are found to be 29 pJ and 5.8
kW, respectively. The optical conversion efficiencies from 1064 to 355 nm and 808 to
355 nm are up to 26 and 10 %, respectively. To our knowledge, this is the highest
conversion efficiency for the 355-nm UV laser generated by the PQS
Nd:YVO,/Cr*:YAG laser.

We then employ the optimized AQS Nd:YVOy laser to achieve highly efficient
extracavity harmonic generations. At an incident pump power of 44 W, the output
powers at 532 and 355 nm under a pulse repetition rate of 40 kHz reach 8.38 and 6.65
W, respectively. In addition, at a pulse repetition rate of 20 kHz, the largest pulse
energy and the highest peak power at 355 nm are found to be 200 pJ and 22 kW,
respectively. The optical conversion efficiencies from 1064 to 355 nm and from 808 to
355 nm are found to be up to 38.2 and 15.1 %, respectively. This is the highest

conversion efficiency for the 355-nm UV radiation based on the AO Q-switched laser
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with a flat-flat cavity to date.

The PQS Nd:YLF laser developed in Sec. 2.7 is also successfully applied in the
processes of the extracavity harmonic generations to produce green and UV radiations,
where the largest pulse energies of 490 pJ at 527 nm and 360 pJ at 351 nm are
efficiently generated with the shortest pulse width of 4 ns.

Finally, following the works in Sec. 4.1, we further verify that the higher peak
power obtained with the ESHG is more helpful for the 266-nm generation via the EFHG
process as compared with the ISHG, where the conversion efficiencies from 532 to 266
nm are 37.1 and 7.2 % for the ESHG and ISHG, respectively. In addition, under an
incident pump power of 26 W at 808 nm and a pulse repetition rate of 40 kHz, the
maximum output power of our Q-switched Nd:YVO,4 DUV laser at 266 nm based on
the combination of the ESHG and EFHG arrangements reaches 1.67 W, corresponding
to the conversion efficiency from 808 to 266 nm up to 6.4 %. To the best of our
knowledge, this is the highest conversion efficiency at 266 nm ever reported among the
continuously pumped Q-switched Nd-doped vanadate DUV oscillators with the same

incident pump power at 808 nm.
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5.1 Summary

High-power Q-switched Nd:YVOy lasers at 1064 nm and high-energy Q-switched
Nd:YLF lasers at 1053 nm have been optimized to exhibit excellent output performance.
We have considered the second threshold criterion and the thermal-lensing effect to
design a high-peak-power PQS Nd:YVOy laser with the Cr'":YAG crystal as a saturable
absorber. At an incident pump power of 16.3 W, the output power was found to reach
6.2 W with a pulse width of 7 ns and a pulse repetition rate of 56 kHz. The
corresponding pulse energy and peak power were as high as 111 pJ and 16 kW,

respectively.

In Sec. 2.3, we have explored the parasitic lasing effect in an AQS laser with a
flat-flat resonator and a 0.1 at.% Nd:YVO, crystal. Experimental results revealed that
the critical cavity length without parasitic lasing was proportional to the pump power.
The parasitic lasing effect was also found to lead to a long tail in the Q-switched pulse,
corresponding to a reduction in the peak power. We manifestly disclosed that the
combined effects of the parasitic lasing and the thermal lens made Nd:YVO, crystals
with dopant concentration greater than 0.2 at.% to be problematical in designing the
high-power Q-switched laser with a flat-flat cavity. After optimizing the AQS laser, the
maximum output power of 19.4 W was obtained at 100 kHz, while the shortest pulse
width of 8 ns, the largest pulse energy of 650 pJ, and the highest peak power of 81.5

kW were accomplished at an incident pump power of 44 W.

In Sec. 2.5, we have successfully demonstrated a reliable TEMy)-mode linearly
polarized laser at 1053 nm with the natural birefringence of a wedged Nd:YLF crystal in
a compact concave-plano cavity. Using the Cr'":YAG saturable absorber to perform
PQS operation, the maximum output power can be up to 2.3 W under an incident pump
power of 12 W. Under this output condition, the pulse repetition rate and the pulse
width were found to be 8 kHz and 9 ns, respectively. The corresponding pulse energy
and the peak power were up to 288 pJ and 32 kW, respectively. We believe that the
relatively compact configuration presented here is potentially useful for the generation

of high-peak-power pulses in Q-switched Nd:YLF lasers at 1053 nm.

With c-cut Nd:YLF crystal, we have found that decreasing the ROC of the concave

mirror can usefully extend the power scale-up for a laser in a concave-plano cavity to be

156



Chapter 5 - Summary and Future Works

influenced by a large negative thermal lens. With this finding, we have developed a
practical tactic to scale up the output power of a compact high-pulse-energy PQS
Nd:YLF laser at 1053 nm with the Cr*":YAG crystal as a saturable absorber. At an
incident pump power of 12.6 W, the optimum PQS laser at 1053 nm emitted the
maximum output power of 2.61 W with a pulse width of 6 ns and a pulse repetition rate
of 4.6 kHz. The corresponding pulse energy and peak power were up to 570 uJ and 95
kW, respectively. We further experimentally confirmed that the negative focal length of
the thermal lens is considerably enhanced by the ETU effect in the PQS Nd:YLF laser.

Moreover, we have theoretically realized and experimentally designed a nearly
hemispherical cavity to scale up the pulse energy of a nanosecond pulsed pumped PQS
Nd:YLF/Cr*":YAG laser with the pulse repetition rate tunable from 100 Hz to 1 kHz. At
a pulse repetition rate of 100 Hz, the largest pulse energy and the shortest pulse duration

were achieved to be 1.38 mJ and 5 ns with this compact pulsed laser.

The AO Q-switch has been utilized to-achieve AQS operation in the c-cut Nd:YLF
crystal with the pulse repetition rate ranging from 5.t0.40 kHz. Under an incident pump
power of 12.7 W, the maximum output power of 4.5 W was fulfilled at 5 kHz, whereas
the shortest pulse duration of 25 ns, the largest pulse energy of 800 pJ, and highest peak
power of 32 kW were accomplished at 40 kHz. In-addition, we have exhaustively
explored the influences of the thermal-effect and anisotropic property of the AO
Q-switch on the polarization characteristics of the c-cut Nd:YLF laser in the CW and

Q-switched operation for the first time.

In Chap. 3, a novel concept of a separable monolithic IOPO cavity was originally
proposed. With the developed approach, we have remarkably improved the stability and
efficiency of the IOPO driven by a diode-pumped Q-switched Nd:YVO4/Cr*":YAG
laser. The mirrors were directly deposited on the facets of the KTP crystal to form an
independent monolithic IOPO cavity with high stability and high optical conversion
efficiency. The performances of IOPO with R, = 80 and 50 % have been investigated.
The output powers at 1552 nm were up to 3.3 W at the maximum incident pump power
of 16.8 W for both cases with the instability of 0.2 % for R, = 80 % and 1 % for R, = 50
%, respectively. The diode-to-signal conversion efficiency was up to 20 %, which is the
highest one for IOPOs to our knowledge. At the maximum pump power, pulse energies

were 40 pJ at a pulse repetition rate of 80 kHz for R, = 80 % and 45 pJ at a pulse
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repetition rate of 68 kHz for R, = 50 %, respectively. The temporal domain showed that
several satellite pulses were observed behind a major pulse for R, = 80 %. Reducing the
R, to 50 %, satellite pulses could be suppressed effectively without energy loss. The
pulse train amplitude fluctuation in standard deviation was slightly larger with the lower
R,. However, the peak power was remarkably enhanced by employing the KTP crystal
with lower reflectivity of the output coupler at 1552 nm, which is advantageous to

generate high-peak-power eye-safe light source.

With the same design concept, we have demonstrated an efficient
high-pulse-energy eye-safe radiation in a Nd:YLF/KTP IOPO with the help of thermally
induced polarization switching. We properly measured the temporal behaviors of the
depleted fundamental pulses and manifestly found that the thermally induced
birefringence can lead the mutually orthogonal polarization states of the fundamental
pulses to be effectively switched for accomplishing an efficient IOPO operation without
any extra polarization control. With this finding, the pulse energy as high as 306 pJ with
the optical conversion efficieney up to 12.3- 9% was achieved in our compact
Nd:YLF/KTP eye-safe laser under an incident pump power of 12.7 W and a pulse
repetition rate of 5 kHz.

Efficient extracavity harmonic generations performed with optimized Q-switched
Nd-doped crystal IR lasers weresuccessfully ‘achieved. First of all, a systematic
comparison between the ESHG and ISHG with a diode-pumped AO Q-switched
Nd:YVOy laser has been investigated. We have experimentally found that the output
power and pulse energy at 532 nm for the ISHG were generally higher than the results
obtained with the ESHG thanks to the increased interaction length of the fundamental
beam through the nonlinear crystal. However, the high finesse of the laser cavity with
the ISHG was observed to lead to a wider Q-switched pulse accompanied with a long
tail, which significantly reduces the peak power at 532 nm. Under an incident pump
power of 26 W at 808 nm, the maximum output powers of 4.5 and 5.76 W and the
largest pulse energies of 133 and 177 pJ were accomplished for ESHG and ISHG,
whereas the highest peak powers obtained with ESHG and ISHG were found to be 30.4
and 11.6 kW, respectively.

In Sec. 4.2, utilizing the developed PQS Nd:YVO; laser to perform the ESHG and

ETHG, the maximum output powers at 532 and 355 nm were found to be up to 2.2 and
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1.62 W with a pulse width as short as 5 ns and a pulse repetition rate of 56 kHz. The
largest pulse energy and the highest peak power at 355 nm were found to be 29 pJ and
5.8 kW, respectively. The optical conversion efficiencies from 1064 to 355 nm and 808
to 355 nm were up to 26 and 10 %, respectively. To our knowledge, this is the highest
conversion efficiency for the 355-nm UV laser generated by the PQS
Nd:YVO4/Cr*":YAG laser.

We then employed the optimized AQS Nd:YVOy laser to achieve highly efficient
extracavity harmonic generations. At an incident pump power of 44 W, the output
powers at 532 and 355 nm under a pulse repetition rate of 40 kHz reached 8.38 and 6.65
W, respectively. In addition, at a pulse repetition rate of 20 kHz, the largest pulse
energy and the highest peak power at 355 nm were found to be 200 pJ and 22 kW,
respectively. The optical conversion efficiencies from 1064 to 355 nm and from 808 to
355 nm were found to be up to 38.2 and 15.1 %, respectively. This is the highest
conversion efficiency for the 355-nm UV radiation based on the AO Q-switched laser

with a flat-flat cavity to date.

The PQS Nd:YLF laser developed in Sec..2.7 was also successfully applied in the
processes of the extracavity harmonic generations to produce green and UV radiations,
where the largest pulse energies of 490 uJ at 527 nm and 360 pJ at 351 nm were
efficiently generated with the shortest pulse-width of 4 ns, respectively.

Finally, following the works in Sec. 4.1, we further verified that the higher peak
power obtained with the ESHG is more helpful for the 266-nm generation via the EFHG
process as compared with the ISHG, where the conversion efficiencies from 532 to 266
nm were 37.1 and 7.2 % for the ESHG and ISHG, respectively. In addition, under an
incident pump power of 26 W at 808 nm and a pulse repetition rate of 40 kHz, the
maximum output power of our Q-switched Nd:YVO,4 DUV laser at 266 nm based on
the combination of the ESHG and EFHG arrangements reached 1.67 W, corresponding
to the conversion efficiency from 808 to 266 nm up to 6.4 %. To the best of our
knowledge, this is the highest conversion efficiency at 266 nm ever reported among the
continuously pumped Q-switched Nd-doped vanadate DUV oscillators with the same

incident pump power at 808 nm.

Table 5.1.1-5.1.3 summarize the achievements for the output performance of this

thesis.
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PQS AQS
a-cut Nd:YVO, 6.16 W, 56 kHz, 7 ns, 13-19.4 W, 20-100 kHz, 8-24 ns,
111 pJ, 16 kW 194-650 pJ, 8.1-81.5 kW
a-cut Nd:YLF 2.3 W, 9 kHz, 8 ns, future work

288 1J, 31.9 kKW

2.4 W, 4.6 kHz, 6 ns,

570 uJ, 95 kW 4-45 W, 5-40 kHz, 25-180 ns,
c-cut Nd:YLF 113-800 pJ, 0.63-32 kW
100 Hz, 5 ns,

1.38 mJ, 51.7 kW

Table 5.1.1.  Summary for Q-switched Nd-doped crystal IR lasers.
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PQS eye-safe AQS eye-safe

a-cut Nd:YVO, | 3.3W, 80 kHz, 41 uJ, 2 kW | 2.93 W, 80 kHz, 36.6 nJ, 9.6 kW

c-cut Nd:YLF future work 1.56 W, 5 kHz, 306 uJ, 4 kW

Table 5.1.2.  Summary for Q-switched Nd-doped crystal eye-safe lasers.
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AQS green AQS UV PQS green PQS UV AQS DUV
8.38 W, 6.65 W, 2.2W, 1.62 W, 1.67 W,
a-cut 270 pJ, 200 pJ, 56 kHz, 56 kHz, 51 uJ,
Nd:YVO, 30 kKW 22 KW 39 uJ, 29 uJ, 7.3 kW
7.8 kW 5.8 kW
c-cut 490 pJ, 360 pJ,
Nd:YLE future work future work 100 Hz, 100 Hz, future work
53 kW 44.1 kW
Table 5.1.3.

Summary for harmonic generations performed by Q-switched Nd-doped
crystal IR lasers.
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5.2 Future Works

I. Long-term stability examination in the UV and DUV regimes

For our developed UV and DUV lasers to be used in commercial applications, a
stable long-term operation is necessary. We have packaged a prototypical UV laser at
355 nm which can be operated at a pulse repetition rate of 30-100 kHz. Under a pulse
repetition rate of 40 kHz, the maximum output power at 355 nm can be rated to be 2.5
W at an incident pump power of 22 W. We have performed some primary examinations
and found that the key to accomplish a reliable long-term stability for the UV laser is
that the avoidance of the humidity and airborne contamination. In addition, the high
power density of the focused beams into the nonlinear crystal brings in a large risk of
causing the surface damage of the crystal for the configuration of the extracavity
harmonic generations. This would eventually render the crystal useless at the impact
location, especially for the THG crystal. Such practical issue is also observed by the
research group from Coherent Inc. They have proposed a solution that relies on the
discrete motion to a fresh spot if significant degradation is seen on the old spot of the
THG crystal, where the period of the movement is around 300 hours [1]. As a result,
they expect the lifetime of their UV laser can be over. 20000 hours with the guaranty of
the laser performance to be comfortable within the specification. In the future, we will
try to move the THG crystal continuously rather then the discrete motion and slightly
alleviate the tight focusing inside the THG crystal to examine the reliability of our UV
laser. With this prospect, long-term stability without considerable degradation at least
10000 hours can be expected. Similar consideration may also be usefully applied for the

long-term operation of the 266-nm laser.
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II. Improvement of transverse distribution at 266 nm

Although we have achieved a high-power DUV laser at 266 nm with the maximum
output power of up to 1.67 W, the relatively large walk-off angle of the BBO crystal
leads the output transverse distribution to behave a rice kernel shape. Recently, a
multi-reflected cavity without tightly focusing was proposed to improve the output
beam to be circular shape [2]. However, the conversion efficiency from 532 to 266 nm
is only 11.9 %, which is significantly lower than our achievement where the conversion
efficiency as high as 37.1 % is obtained. Comparative speaking, using the external
optics to modify the astigmatism of the 266-nm beam in the EFHG configuration may
be a more practical solution to fulfill the circular output profile while preserving the
high conversion efficiency thanks to the tightly focused configuration. This idea will be

attempted in the future.

To obtain the efficient DUV laser 266 nm via EFHG scheme, the CLBO crystal is
another suitable candidate. Compared with-the BBO crystal, it is featured by the
relatively small walk-off angle, moderate nonlinear coefficient, large angular bandwidth,
and high damage threshold. Nevertheless, the main drawback of the CLBO crystal is the
highly hygroscopic property, which needs specially designed protected mechanism to be
employed for the commercial product with a long-term stability. As long as the
hygroscopic issue can be suitably treated, using the CLBO crystal to perform EFHG
presents a promising way to obtain high-efficiency 266-nm laser with the circular

output profile. This prospect is under preparation.
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III. Power scaling with multi-segmented Nd:YVO, crystal

In this thesis, we have constructed a novel dual-end-pumped Nd:YVO, laser at
1064 nm to efficiently generate the UV radiation with the output power as high as 6.65
W. To further scale up the UV output power, more powerful fundamental IR laser is
required. The critical issue for power scaling is the thermal management; that is, the
thermally induced fracture is the main limiting factor for power scale-up in the
end-pumped solid-state laser. Although the composite crystal, which means the active
medium is thermally diffusion-bonded by an undoped part to reduce the thermal effect,
was recently proposed [3-6], the exponential decay of the pump radiation due to the
homogeneous dopant concentration of the active medium results in high temperature
gradient and mechanical stress peaks restricting the maximum incident pump power.
More recently, 407-W diode-end-pumped laser has been successfully demonstrated by
applying multiple segments with increasing dopant concentrations for the Nd:YAG
crystal [7,8]. This multi-segmented concept enable the power scaling of the end-pumped
configuration comparable with the side-pumped systems while keeping the advantages

of better beam quality factors and conversion efficiency:

The most promising property of the Nd:YVO;, crystal over the Nd:YAG crystal is
the constantly polarized emission due to the natural birefringence, which is essentially
beneficial for efficient extracavity’ harmonic "generations. To our knowledge, the
multi-segmented Nd:Y VO, crystal has not been realized and applied in the nonlinear
frequency conversion. We have fabricated a set of the multi-segmented Nd:YVO,
crystals that consist of undoped part, 0.1 at. % active region, and followed by 0.3 at. %
active region. We have also prepared the high-power laser diode that can nominally
deliver the maximum output power of 70 W around 808 nm. The large potential for
power scaling with the multi-segmented Nd:YVO, crystal is highly expected and is

under development.
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IV. Energy scaling of Nd:YLF laser with unstable Cavity

As discussed in Sec. 2.7, the larger output energy can be obtained when the cavity
mode area inside the gain medium is increased for a given laser crystal. Unstable cavity
has been adopted in a number of literatures for the accomplishment of a good laser
performance [9-14]. Recently, side-pumped ultra-low-magnification unstable resonators
with the Nd:YLF and Nd:YAG crystals have been built in our group. Several tens of
millijoule of output energy are accomplished and the developed lasers have been
employed to efficiently pump a monolithic OPO for confirming the applicability in
nonlinear frequency conversions. Consequently, the energy scaling in the end-pumped
Nd:YLF laser with the nearly diffraction-limited output is greatly expected by using the

configuration of the unstable cavity. This is another future work to be studied.
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Abstract: A singly-resonant intracavity optical parametric oscillator
(OPO), pumped by a passively Q-switched Nd:YAG laser, is systematically
investigated by means of a series of the output mirrors with various
reflectivities for the fundamental wavelength at 1064 nm. Experimental
results reveal that the output mirror with partial reflectivity instead of high
reflection at 1064 nm not only is practicable to avoid the optical coatings
damaged, but also enhances the dual-wavelength output efficiency for the
OPO signal and fundamental laser waves. The overall optical-to-optical
conversion efficiency is enhanced from 6.4% to 8.2% for the reflectivity
decreasing from 99.8% to 90%.
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1. Introduction

Nonlinear optical frequency conversions are quite attractive for wavelength extension of
solid-state lasers. Optical parametric oscillators (OPOs), pumped with mature Nd-doped Q-
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switched lasers, are commonly utilized for extending into the eye-safe region. Intracavity
OPO takes the advantage of higher circulating intensity within the laser cavity, which allows
lower pump threshold and higher conversion efficiency compared with the external
configuration. With the advent of high-damage-threshold nonlinear crystals, many eye-safe
intracavity OPO systems with high-power or high-energy outputs have been reported [1-4],
and they are currently of great interest in military applications, particularly for the long-range
laser finders. Traditionally, intracavity OPO exploits the output mirror with high-reflectivity
coating for the fundamental pump wavelength. The high-power or high-energy intracavity
OPOs, however, suffer from optical damage problems due to the extremely intense intracavity
fluence for reaching the OPO threshold [5,6]. Recently, the output mirror with partial
reflectivity for the fundamental wavelength was exploited in the actively Q-switched
intracavity OPO for the reduction of a risk of optical damage [6—8]. Nevertheless, the
influence of output coupling on the performance of a Q-switched laser with the intracavity
OPO has not been thoroughly investigated so far.

In this work, we systematically explore the singly-resonant KTP-based intracavity OPO
with a shared resonator, pumped by a passively Q-switched Nd:YAG/Cr*":YAG laser, by
means of a series of output mirrors with different reflectivitives for the fundamental
wavelength. The intracavity fluence is diminished one order of magnitude by the usage of an
output mirror with a partial-reflectivity of 90%—-98% instead of the highly reflective one of
99.8%. In addition, the partial-reflectivity output mirrors are experimentally practicable to
avoid the optical damage. With the reflectivity of 99.8%, 98%, 94%, and 90%, the output
pulse energies at 1572 nm are 10.8, 9.1, 7.7, and 6.6 mJ, respectively; the corresponding pulse
energies at 1064 nm are 0.1, 1.9, 5.3, and 8.9 mJ, respectively. The overall optical-to-optical
conversion efficiency is enhanced from 6.4% to 8.2% for the reflectivity decreasing from
99.8% to 90%. It is also found that lowering the reflectivity from 99.8% to 90% brings an
increase in 1572-nm peak power from 580 to 820 kW, and the peak power at 1064 nm had a
maximum value of 300 kW for the reflectivity of 90%.

2. Experimental setup

Figure 1 depicts the experimental scheme for an intracavity OPO driven by a diode-pumped
passively Q-switched Nd:YAG / Cr*":YAG laser with a shared resonator. The structure of the
shared resonator is that the OPO cavity completely overlaps with the fundamental laser
cavity. The present fundamental laser cavity comprised a coated Nd:YAG crystal and an
output coupler. The pump source was a quasi-cw high-power diode stack (Coherent G-stack
package, Santa Clara, Calif.,, USA) which consisted of six 10-mm-long diode bars with a
maximum output power of 120 W per bar at the central wavelength of 808 nm. The diode
stack was constructed with 400 um spacing between the diode bars and consequently the
whole emission area was approximately 10 mm (slow axis) x 2.4 mm (fast axis). The full
divergence angles in the fast and slow axes were approximately 35° and 10°, respectively. In
the experiment, the diode stack was driven to emit optical pulse durations of 300 us at a
repetition rate less than 30 Hz with a maximum duty cycle of 1%. The pump radiation was
delivered into the gain medium with a lens duct that was possessed of the advantages of
simple fabrication, high coupling efficiency, and insensitivity to slight misalignment. The
design parameters of a lens duct include r, L, H,, H,, and H3, 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 [9,10]. In our experiment, the lens duct was
manufactured with the parameters of » = 10 mm, L = 29 mm, H, = 12 mm, H, = 3.5 mm, and
H; = 3.5 mm. The coupling efficiency of the lens duct was experimentally measured to be
approximately 85%.

The gain medium was a 1.0 at. % Nd:YAG crystal with a diameter of 6 mm and a length
of 20 mm. The entrance surface of the laser crystal was coated with high reflection at 1064
nm and 1572 nm (R>99.8%) and high transmission at 808 nm (T>90%); the other surface of
the laser crystal was coated with antireflection at 1064 nm and 1572 nm (R<0.2%). The
saturable absorber for the passively Q-switching was a Cr*":YAG crystal with a thickness of 2
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mm and an initial transmission of 50% at 1064 nm. The nonlinear crystal for the OPO was a
KTP crystal with a cross section of 4 mm x 4 mm and a length of 20 mm. The KTP crystal
was x-cut (8 = 90°, and ¢ = 0°) for type II noncritical phase-matching to eliminate walk-off
effect between the fundamental, signal, and idler beams. Both surfaces of the KTP and
Cr*":YAG crystals were coated for anti-reflection at 1064 and 1572 nm. All crystals were
wrapped with indium foil and mounted in conductively cooled copper blocks. Several output
couplers with the reflectivity of 99.8%, 98%, 94%, and 90% at 1064 nm were used to
investigate the influence of output coupling on the performance of a passively Q-switched
Nd:YAG laser with an intracavity OPO. The reflectivities at 1572 nm for all output couplers
were experimentally measured to be around 25%. Note that the optimal output reflectivity at
the signal wavelength for the intracavity OPO has been previously verified to be
approximately 10-30% [2]. The total cavity length was approximately 55 mm. The spectral
information was monitored by an optical spectrum analyzer (Advantest Q8381A) that
employs a diffraction grating monochromator to measure high-speed light pulses with the
resolution of 0.1 nm. A LeCroy digital oscilloscope (Wavepro 7100; 10 G samples/sec; 1
GHz bandwidth) with two fast InGaAs photodiodes was used to record the pulse temporal
behavior.

Quasi—CW Laser output
diode stacks Output at 1572 nm
Cr*:YAG coupler Z
8= M) _
= Lo out
Lens duct  Ng:-YAG K aser owpu

at 1064 nm

Fig. 1. Experimental setup for an intracavity OPO pumped by a diode-pumped passively Q-
switched Nd:YAG / Cr*:YAG laser with a shared resonator.

3. Experimental results

Experimental results revealed that the pump threshold energies for the OPO were 170, 175,
182, and 188 mlJ for the reflectivity of 99.8%, 98%, 94%, and 90% at 1064 nm, respectively.
The pump threshold energy can be found to increase linearly with decreasing the output
reflectivity. Note that the output coupler with a reflectivity below 90% was not employed in
this experiment since the OPO threshold exceeded the available diode pump energy. The
dependence of the pump threshold energy on the reflectivity can be calculated with [11]

E, =é}’2‘; [In(y7,2)+In(/R)+L], ey

where 7], is the pump efficiency including the overlapping efficiency and the absorption
efficiency, /v, is the pump photon energy, 7, is the initial transmission of the saturable
absorber, L is the round-trip fundamental wave intensity loss in the cavity, and R is the output
reflectivity at the fundamental laser wavelength. With the properties of the Nd:YAG and
Cr*":YAG crystals and the typical cavity parameters: o= 2.8 x 107" cm?, hv, =2.46 x 107"
I, 1,=054,4=0.16 cmz, T,= 0.5, and L = 0.01, the theoretical threshold energies were
calculated to compare with the experimental results, as shown in Fig. 2. It can be seen that the
experimental results agree very well with the theoretical values.
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Fig. 2. The pump threshold energy with respect to the reflectivity at the fundamental laser
wavelength of 1064 nm; solid lines: theoretical results; symbols: experimental values.

The experimental results for the output pulse energy with respect to the reflectivity at the
fundamental wavelength of 1064 nm are shown in Fig. 3. Lowering the reflectivity at 1064
nm can be found to lead to a decrease in the signal output pulse energy at 1572 nm and a
relative increase in the output pulse energy at 1064 nm. With the reflectivity of 99.8%, 98%,
94%, and 90%, the output pulse energies at 1572 nm were 10.8, 9.1, 7.7, and 6.6 mJ,
respectively; the corresponding pulse energies at 1064 nm were 0.1, 1.9, 5.3, and 8.9 mJ,
respectively. As a result, the total pulse energy of fundamental laser and OPO signal outputs
increased from 10.9 mJ up to 15.5 mJ for the reflectivity decreasing from 99.8% to 90%.
Divided by the pump threshold energy, the overall conversion efficiency was enhanced from
6.4% to 8.2% for the reflectivity decreasing from 99.8% to 90%. More importantly, the
damage of the output coupler with the reflectivity of 99.8% was observed in this experiment,
as illustrated in the insert of Fig. 3, but the output couplers with reflectivity of 90%—98%
were not. In other words, the partial-reflectivity output coupler for the intracavity OPO not
only is practicable to avoid the optical damage, but also enhances the overall output
efficiency for the OPO signal and fundamental laser waves.

30 T T T T T T

25 -

1064 nm

1572 nm )

Output pulse energy (mJ)

0
0.84 086 088 090 092 094 09 098 1.00
Reflectivity at 1064 nm

Fig. 3. Calculated and experimental results for the output pulse energy with respect to the
reflectivity at the fundamental laser wavelength of 1064 nm; solid lines: theoretical results
calculated from Egs. (2)-(7); symbols: experimental results. Insert: a photograph for the
damage of the output coupler with the reflectivity of 99.8%.

Based on the rate equation model for the passively Q-switched laser [12], the output pulse
energies of the fundamental laser and OPO signal outputs for passively Q-switched
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intracavity OPOs with respect to the reflectivity at 1064 nm can be calculated. At first, the
initial population of the passively Q-switched laser was employed in the rate equation model
of Ref [12] to calculate the output pulse energies of the fundamental laser and OPO signal for
passively Q-switched intracavity OPOs with a shared-resonator configuration. In a passively
Q-switched laser, the initial population inversion density in the gain medium, n(0) = n;, can be
determined from the condition that the roundtrip gain is exactly equal to the roundtrip losses
just before the Q-switch opens, i.e.

1
n,=——|In(1/T7)+In(1/R)+L |. 2
= (VT ) +In(yR)+ L | @
Since only fundamental laser and signal waves were resonated in the shared resonator, the

evolution equation of the idler wave was eliminated. The rate equations for the four-level Q
switched laser with intracavity OPO are given by

dn
—r=—cop,n, A)
do [ / 2
=rcon(g, +Ag, ) =0, 0,0, —F[In(VR)+L], €
do, 1 ,
d(f? =1¢0,,9, (2. +A¢S)‘%[ln(1/Rs)+Ls}’ ©)

where 7 is the inversion population density of the gain medium, o is the stimulated emission
cross section of the gain medium, c is the speed of light; ¢, is the fundamental laser photon
density, ¢, is the OPO signal photon density, /., is the optical length of the laser cavity, /., is
the length of the gain medium, /, is the length of the nonlinear crystal, g,,, is the effective
OPO conversion cross section, ¢, is the round-trip time in the resonator cavity,® A ¢, is the
spontaneous emission intensity, A ¢, is the noise signal intensity, L, is the round-trip signal
wave intensity loss, and R, is the output reflectivity at the OPO signal wavelength. The
effective OPO cross section, 0,,,, is used to describe the conversion rate and derived from the
parametric gain coefficient for small gains of the single resonator oscillator:
2 72
20,1, = 2@y L 4 ©
nnn,Ec” A +4,

i""s"p©o

where @ and @, are the idler and signal frequencies, respectively; n;, n, and n; are the
refractive indices at the idler, signal and fundamental laser wavelengths, respectively; d.; is
the effective nonlinear coefficient; & is the vacuum permittivity; A, and A, are the mode
areas for the OPO signal and fundamental laser, respectively. The output pulse energy can be
expressed as [13]

hv. A

E, = 2’0’ In(1/R) j @, (t)dt, (7)

where /v is the photon energy, 4 is the beam area and ¢ is the above-mentioned photon
density. The subscripts j = s, p represents the OPO signal and fundamental laser, respectively.

The solid lines in Fig. 3 depicts the calculated results for the output pulse energies for the
dependence of reflectivity at 1064 nm with the properties of the Nd:YAG, KTP crystals and
the typical cavity parameters: hv, = 1.26 x 107" J, hv, = 1.86 x 107 J, @ = 5.712 x 10"
sec!, @, = 1.198 x 10" sec™, I, = 2.0 cm, 1, = 2.0 cm, d,y = 3.64 pm/V, n;, = 1.771, n, =
1.737, n, = 1.748, & = 8.854 pF/m, A, = 0.108 cm’, 4, =0.16 cm?, [,, = 5.5 cm, R, = 0.25, L

#185027 - $15.00 USD Received 6 Feb 2013; accepted 9 Mar 2013; published 19 Mar 2013
(C) 2013 OSA 25 March 2013 / Vol. 21, No. 6 / OPTICS EXPRESS 7587



=L,=0.01, and ¢ = 3 x 10® m/s. The theoretical values agree very well with the experimental
results. Moreover, it can be seen that the output energy of the OPO signal slightly decreases
with decreasing the fundamental reflectivity, whereas the output energy of the fundamental
laser considerably increases. Consequently, the dual-wavelength output efficiency for the
OPO signal and fundamental laser waves was considerably greater than the output efficiency
for only the OPO signal wave.

Typically temporal shapes for the OPO signal at 1572 nm were shown in Figs. 4(a)-4(d)
for the reflectivity of 99.8%, 98%, 94%, and 90% at 1064 nm, respectively; the corresponding
temporal shapes for the depleted fundamental laser at 1064 nm were simultaneously recorded.
It can be seen that the OPO signal-pulse energy would be effectively concentrated in the first
pulse for the reflectivity decreasing from 99.8% to 90%. As a result the peak power at 1572
nm increased from 580 to 820 kW as the reflectivity decreased from 99.8% to 90%, as shown
in Fig. 5. The peak powers were precisely deduced by the numerical integration for the
measured temporal pulse profiles to fit the experimental pulse energies. The peak power at
1064 nm had a maximum value of 300 kW for the reflectivity of 90%. We also employed the
knife-edge method to evaluate the beam quality. The beam quality M? factor at 1572 nm was
measured to be approximately 1.4.

(a 10 ns/div (b) 10 ns/div
e i e
/\/_~ o Wl 64 nm e m%ﬁ1064 nm
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mrd — |‘ L \"\M\\,\__W‘WMM
10 ns/div

10 ns/ div

E/’ﬁ\

i

1572 nm ||

I TSt A I |

e

(d |
j/‘\ e 1064 nm

1572 nin

s e R s

InE

Fig. 4. Experimentally temporal shapes of the fundamental laser (1064 nm) and OPO signal
(1572 nm) pulses for the reflectivity of (a) 0.998, (b) 0.98, (c) 0.94, and (d) 0.9.
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Fig. 5. The output peak power with respect to the reflectivity at the fundamental laser
wavelength of 1064 nm.

4. Conclusion

We have systematically investigated the influence of output coupling on the performance of
the singly-resonant intracavity OPO pumped by a passively Q-switched Nd:YAG/Cr*:YAG
laser. Experimental results reveal that the output couplers with partial reflectivity for the
fundamental laser wavelength at 1064 nm not only are practicable to avoid the optical
coatings damaged, but also enhance the dual-wavelength output efficiency for the OPO signal
wave at 1572 nm and fundamental laser wave at 1064 nm. The output pulse energies for OPO
signal at 1572 nm were 10.8, 9.1, 7.7, and 6.6 mJ and the corresponding pulse energies for
fundamental laser at 1064 nm were 0.1, 1.9, 5.3, and 8.9 mJ for the reflectivity of 99.8%,
98%, 94%, and 90% at 1064 nm, respectively. The overall optical-to-optical conversion
efficiency was enhanced from 6.4% to 8.2% for the reflectivity decreasing from 99.8% to
90%.
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We originally utilize a nearly hemispherical cavity to accomplish the energy scale-up for a high-repetition-rate
nanosecond pulsed pumped Nd:YLF laser passively @-switched by the Cr*+:YAG saturable absorber. This compact
laser is able to efficiently generate pulse energy as large as 1.38 mJ and pulse width as short as 5 ns under a pulse
repetition rate of 100 Hz. Further employing the developed Nd:YLF laser to perform extracavity harmonic genera-
tions, the maximum pulse energies of 490 pJ at 527 nm and 360 pJ at 351 nm are achieved with the shortest pulse

duration of 4 ns.
OCIS codes:

© 2013 Optical Society of America

In recent years, diode-pumped all-solid-state ultraviolet
(UV) lasers have been rapidly developed thanks to such
advantages as high efficiency, long lifetime, high stability,
and small overall system size [1-3]. The high-energy and
high-repetition-rate solid-state UV laser with pulse dura-
tion on the order of several nanoseconds is one of the
promising light sources for a great number of scientific
studies as well as industrial fields, including military
weapons, laser machining, and so on. The energy storage
capability is directly proportional to the fluorescent life-
time of the laser crystal. As a result, the Nd:YLF crystal
characterized by its relatively long upper-state lifetime is
inherently suitable for generating large pulse energies
among various Nd-doped laser crystals [4-6]. In addition,
the excellent spectral match between the emission line
at 1053 nm and the gain peak of the Nd:phosphate glass
makes the Nd:YLF crystal essentially favorable for con-
structing a high-energy master oscillator power ampli-
fier [7].

Passive @-switching of a solid-state laser with a satur-
able absorber offers a convenient method to achieve a
reliable pulsed operation with the merits of high stability,
inherent compactness, simplicity, and low cost. How-
ever, the performance of the passively @-switched (PQS)
laser, which is frequently pumped by a continuous-wave
(CW) laser diode, can be noticeably degraded by the
timing jitter as a result of the complex dynamic behavior
inside the saturable absorber [8,9]. Moreover, the frac-
tional thermal loading would remarkably increase, which
turns into a critical issue in designing the optical resona-
tor under the continuously pumped PQS operation [10].
Pulsed pumping and quasi-CW pumping are effective
approaches capable of simultaneously improving the in-
stability of the pulse period [11,12] and reducing the heat
generation inside the gain medium [13]. In this Letter,
we report on a compact mJ- and ns-level end-pumped
PQS Nd:YLF/Cr**:YAG laser, where the pulse repetition
rate can be easily controlled by the pulsed laser diode
in the range from 100 Hz to 1 kHz. We theoretically
analyze and experimentally realize that a nearly hemi-
spherical resonator can effectively enlarge the laser
mode area for energy scaling of the @Q-switched laser.
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We also experimentally confirm the reduction of the
thermal-lensing effect with pulsed pumping as compared
with CW pumping. The influences of the beam quality
factors and the radius of curvature (ROC) of the input
mirror on the performance of the PQS Nd:YLF laser are
comparatively investigated. At a pulse repetition rate of
100 Hz, the pulse energy as large as 1.38 mJ and the pulse
duration as short as 5 ns are efficiently produced with
this compact pulsed laser. We further extend the emis-
sion lines into green and UV regimes via the extracavity
harmonic generations. The pulse energies at 527 and
351 nm reach 490 and 360 pJ under a pulse repetition rate
of 100 Hz, respectively.

Figure 1(a) schematically depicts the experimental
arrangement of our pulsed pumped PQS Nd:YLF laser.
The input concave mirror was antireflection (AR) coated
at 806 nm on the entrance face, and it was coated for
high transmission at 806 nm as well as for high reflection
at 1053 nm on the second surface. The gain medium was
a 0.8 at. % c-cut Nd:YLF crystal with dimensions of 4 mm
in diameter and 15 mm in length. The Nd:YLF crystal was
placed adjacent to the input mirror. Both facets of the
laser crystal were AR coated at 806 and 1053 nm. The
Cr*t:YAG saturable absorber had an initial transmission
of 80%, and it was AR coated at 1053 nm on both surfaces.
The laser crystal and the saturable absorber were
wrapped with indium foil and mounted in water-cooled
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Fig. 1. (Color online) (a) Experimental arrangement of the
pulsed pumped PQS Nd:YLF laser with the Cr**:YAG saturable
absorber. (b) Dependences of the laser mode radius inside the
gain medium on the cavity length for R = 50, 100, and 150 mm
in a concave-plano cavity, where dashed lines indicate the
constraint of L.,, = 0.97R.
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copper heat sinks at 16°C. An intracavity Brewster plate
was inserted inside the cavity to force linearly polarized
operation. The pump source was a fiber-coupled laser
diode at 806 nm with a core diameter of 400 pm and
numerical aperture of 0.14. A lens set having a focal
length of 25 mm and a coupling efficiency of 90% was
used to reimage the pump beam inside the laser crystal
with a magnification of unity. The output power of the
laser diode was modulated by a train of pulses with a
nearly rectangular shape. The pulse duration was set to
be around 500 ps to match the upper-state lifetime of the
Nd:YLF crystal. A flat mirror with a reflectivity of 60% at
1053 nm was used as the output coupler during the ex-
periment. The pulse temporal behaviors were recorded
by a digital oscilloscope with a sampling interval of
0.1 ns and bandwidth of 1 GHz together with a fast In-
GaAs photodiode. The pulse energy was measured with
an energy meter (Thorlabs, PM100D).

It is well known that the Q-switched pulse energy is
linearly proportional to the square of the laser mode
radius inside the gain medium. With the ABCD-matrix
theory, Fig. 1(b) illustrates the numerical calculation of
the dependences of the laser mode radius @, inside the
gain medium on the cavity length L., for the cases of
R =50, 100, and 150 mm in a concave-plano cavity,
where L.,, and R stand for the cavity length and the
ROC of the input mirror. Note that the thermal-lensing
effect is not considered in this calculation, and including
thermal lens is equivalent to the case of reducing the
ROC of the input mirror. It can be seen that the laser
mode radius increases with the cavity length until the re-
sonator reaches the boundary of the stable region, i.e.,
L.,, = R. Practically, we choose the cavity length with
the constraint L.,, = 0.97R in the following discussions
to realize the large laser mode radius and be insensitive
to the environmental perturbation in the meantime. From
Fig. 1(b), we also observe that increasing the ROC of the
input mirror can further expand the laser mode radius
to scale up the pulse energy of the @-switched laser.

During the experiment, the input mirrors with R = 50,
100, and 150 mm were utilized for comparative investiga-
tion of the PQS performance. The pulse energies as a
function of the pulse repetition rate are displayed in
Fig. 2. The pulse energies were obtained by averaging
the values of the multiple measurements. The pulse en-
ergies are found to increase from 0.44 to 0.57 mJ for
R = 50 mm, from 0.72 to 1.04 mJ for R = 100 mm, and
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Fig. 2. (Color online) Pulse energies at 1053 nm as a function
of the pulse repetition rate.

from 1 to 1.38 mJ for R = 150 mm, when the pulse
repetition rate is decreased from 1 kHz to 100 Hz. The
threshold input energies are experimentally found to be
4.75-6 mJ for R = 50 mm, 7-10.4 mJ for R = 100 mm,
and 8.67-14.1 mJ for R = 150 mm; the real value depends
on the pulse repetition rate. The experimentally obtained
pulse energies are used to evaluate the laser mode radii
with the fitted formula given by Eq. (26) from [14] in
terms of the present cavity parameters. This equation
is based on the fact that the pulse energy is proportional
to the modulation loss of the saturable absorber and in-
versely proportional to the total cavity losses when the
saturable absorber bleaches. The obtained radii are sub-
sequently utilized to estimate the thermal focal lengths
for the cavity to be influenced by a thermal lens with
the condition L.,, = 0.97R. As a result, the relationship
between the thermal focal length f;, and the average in-
put power P;, can be built with the empirical formula
fin = C/Py,, where C is the proportional constant. The
constant C for the present experiment is numerically
determined to be —5.733 W/m. For comparison, the pro-
portional constant of —3.087 W/m for the continuously
pumped PQS case is estimated with a stability criterion
by a separable experiment [10]. Note that the larger the
magnitude of the constant |C|, the weaker the effect of
the thermal-lensing effect. Therefore, the reduction of
the thermal-lensing effect for the pulsed pumped PQS
laser is manifestly verified in comparison with that for
the continuously pumped counterpart. The shrinkage
of the laser mode radius due to the relatively severe
thermal-lensing effect explains why the pulse energy is
smaller at a higher pulse repetition rate for a specific
ROC of the input mirror.

Typical temporal behavior at a pulse repetition rate
of 500 Hz for R = 100 mm is sketched in Fig. 3(a). The
duration of the main pulse increases from 5 to 12 ns with
the increase of the ROC of the input mirror from 50 to
150 mm. This trend is due to the fact that the @-switched
pulse duration is generally proportional to the cavity
length. Moreover, it is experimentally found that the
degree of the satellite pulse lessens with the increase of
the ROC of the input mirror. To discover the occurrence
of the satellite pulse, the beam quality factors are mea-
sured with the 90/10 knife-edge method, as depicted in
Fig. 3(b). It can be deduced that the improvement of the
beam quality factors is consistent with the suppressing of
the satellite pulse. This implies the repression of the ex-
citation of few high-order transverse mode is of critical
importance in obtaining a perfect @-switched pulse with-
out satellite pulse. With the numerical integration of the
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Fig. 3. (Color online) (a) Typical temporal behavior at a pulse
repetition rate of 500 Hz for R = 100 mm. (b) Variation of the
beam quality factors versus the ROC of the input mirror.
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Fig. 4. (Color online) Pulse energies as a function of the pulse
repetition rate at (a) 527 nm and (b) 351 nm.

temporal pulse profile and the experimentally obtained
pulse energy, the peak powers with respect to the pulse
repetition rate are estimated. By increasing the pulse re-
petition rate from 100 Hz to 1 kHz, the peak powers are
found to vary from 51.7 to 37.3 kW for R = 50 mm,
from 45.5 to 29.2 kW for R = 100 mm, and from 47.4
to 29.6 kW for R = 150 mm.

To obtain the output at 527 and 351 nm via the extra-
cavity harmonic generations, LBO crystals were exploited
as nonlinear frequency converters thanks to the benefits
of high damage threshold, relatively large acceptance
angle, and small walk-off angle. One LBO crystal with
dimensions of 3mm x 3mm x 10 was cutatd = 90°, ¢ =
11.1° for type-I phase-matched second harmonic genera-
tion (SHG) at a temperature of 47°C. Both facets of the
SHG crystal were AR coated at 1053 and 527 nm. Another
LBO crystal with dimensions of 3mm x 3mm x 10 mm
was cut at 6 = 46.4°, ¢ = 90° for type-Il phase-matched
third harmonic generation (THG) at a temperature of
48°C. Both surfaces of the THG crystal were AR coated
at 1053, 5627, and 351 nm. The thermoelectric controllers
with a precision of 0.1°C were utilized to monitor the tem-
peratures of the SHG and THG nonlinear crystals. The
laser beams were focused into the SHG and THG non-
linear crystals with two individual convex lenses for
achieving efficient harmonic generations. The former
one with focal length of 38 mm was AR coated at
1053 nm on both sides, the latter one with focal length
of 19 mm was AR coated at 1053 and 527 nm on both fa-
cets. Beam radii inside the two LBO crystals were calcu-
lated to be around 72 and 63 pm, respectively.

Figures 4(a) and 4(b) show the pulse energies at 527
and 351 nm as a function of the pulse repetition rate.
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The pulse energy for the extracavity harmonic generation
is determined by the combined effects of the spatial
and temporal properties of the fundamental laser; that
is, the beam quality factors and the peak power. Based
on the present experimental circumstance, the largest
pulse energies at 527 and 351 nm are attained at 490 and
360 pJ under a pulse repetition rate of 100 Hz, respec-
tively. On the other hand, the pulse durations at 527 and
351 nm are experimentally found to be in the range of
4-9 ns, depending on the ROC of the input mirror. In
comparison with the studies in [5,15], we believe that
the end-pumped scheme is a more feasible way to obtain
a nearly diffraction-limited pulsed laser, and the efficient
extracavity harmonic generations validate the applicabil-
ity of our cavity design.

In summary, we have theoretically realized and experi-
mentally designed a nearly hemispherical cavity to scale
up the pulse energy of a nanosecond pulsed pumped PQS
Nd:YLF/Cr**:YAG laser with the pulse repetition rate
tunable from 100 Hz to 1 kHz. The largest pulse energy
and shortest pulse duration are found to be 1.38 mJ and
5 ns, respectively. Moreover, the developed laser is suc-
cessfully applied in the processes of the extracavity har-
monic generations to produce green and UV radiations,
where the largest pulse energies of 490 pJ at 527 nm and
360 pJ at 351 nm are efficiently generated with the short-
est pulse width of 4 ns.

The authors thank the National Science Council for
their financial support of this research under Contract
No. NSC-100-2628-M-009-001-MY3.
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Abstract: We exploit an ultra-low-magnification unstable resonator to
develop a high-pulse-energy side-pumped passively Q-switched
Nd:YLF/Cr*:YAG laser with improving beam quality. A wedged laser
crystal is employed in the cavity to control the emissions at 1047 nm and
1053 nm independently through the cavity alignment. The pulse energies at
1047 nm and 1053 nm are found to be 19 mJ and 23 mlJ, respectively. The
peak powers for both wavelengths are higher than 2 MW. Furthermore, the
developed Nd:YLF lasers are employed to pump a monolithic optical
parametric oscillator for confirming the applicability in nonlinear
wavelength conversions.

©2013 Optical Society of America

OCIS codes: (140.3480) Lasers, diode-pumped; (140.3540) Lasers, Q-switched; (140.3530)
Lasers, neodymium.
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1. Introduction

High-pulse-energy all-solid-state lasers are widely used in scientific research and industrial
applications, especially in military respect like airborne laser system, LIDAR and laser target
designator, etc [1-4]. Compared to the mostly used Nd:YAG and Nd:YVO, crystals, the
Nd:YLF crystal having the advantage of longer lifetime is more suitable for high-pulse-
energy Q-switched lasers [5,6]. Furthermore, the uniaxial Nd:YLF crystal has two principal
lasing transitions at 1047 nm (w) and at 1053 nm (G), corresponding to the polarizations
parallel and perpendicular to the crystal c-axis, respectively [7-9]. The 1047-nm and 1053-nm
emissions are of great interest in the skin wound healing [10] and the Nd:glass amplification
[11], respectively.

In addition to continuous-wave (CW) pumping, quasi-CW (QCW) diode stacks are often
utilized to fulfill Q-switched Nd:YLF lasers with high pulse energies [12—-16]. So far, the
development of Nd:YLF lasers with energies of several millijoules and approximately 10-ns
pulse durations is still highly desirable. Although the end-pumping scheme can permit
excellent mode size matching to achieve good beam quality, the limited pump volume usually
hinder the scale-up of the output pulse energy. In contrast, the side-pumping scheme can
effectively enlarge the pump volume [17, 18]; however, this approach generally suffers from
the degradation of beam quality. Therefore, it is practically valuable to develop a side-
pumped Nd:YLF laser with improving beam quality.

The thermal lensing effect of the Nd:YLF crystal is identified to be relatively weak due to
the compensation of negative temperature dependence of the refractive index and positive
temperature dependence of the thermal expansion coefficient. In this work, we employ the
property of the weak thermal lens with an ultra-low-magnification unstable resonator to
develop a compact high-pulse-energy side-pumped passively Q-switched Nd:YLF/Cr*":YAG
laser with improving beam quality. We also use the birefringent characteristics of an one-end-
wedge a-cut Nd:YLF crystal to independently obtain the laser transitions at 1047 nm and
1053 nm through the cavity alignment. Using a Cr*":YAG crystal with initial transmission of
70% and at a repetition rate of 10 Hz, the pulse energies at 1053 nm and 1047 nm reach 23
mJ and 19 mJ, respectively. With the experimental pulse durations, the peak powers are
calculated to be up to 2.3 MW and 2.7 MW at the emissions of 1053 nm and 1047 nm,
respectively. The beam-quality factors M? are measured to be approximately 3.5 x 5.5 and 3.5
x 6.8 (vertical x horizontal) for the emissions at 1053 nm and 1047 nm, respectively.
Furthermore, the developed Nd:YLF laser is employed to pump a monolithic optical
parametric oscillator (OPO). The pulse energies generated in the external OPO are 10 mJ and
5.5 mJ for the wavelengths at 1552 nm and 1541 nm, respectively.
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2. Cavity design and setup

For the cavity design, we first consider an optical resonator that consists of one laser crystal
with thermally focal length £, and two mirrors with radii of curvature p; and p, separated by
an optical distance L. In term of the g*-parameters, the beam radii @, and @, on the two
mirrors can be expressed as [19]:

PO oy T S O
T gi(l_glgz)

where
. d, .
8; :gi__f(l_i)’ (2)
Jo P
g =1-0F e 100, 3)
L=d+d, -4 “)

th

Here d; and d, are the optical path length between the cavity mirrors and the principal
planes of the laser crystal. For the subsequent analysis, we specifically focus on the case of d;
=d,=L/2. For the QCW pumping and the weak thermal lensing effect of the Nd:YLF crystal,
the cavity length can be realistically designed to satisfy the condition of L << f,. In order to
obtain a large mode volume, we use an ultra-low-magnification positive-branch unstable
cavity to design the resonator under the circumstance of f;, — oo . For the convenience of
further discussion, we use the expression of g;g, = 1 + £ with 0 < £ << 1 to represent the
cavity form.

With the conditions of d; = d, = L/2, L << f;, and g,g, = 1 + & we can obtain that g;*g,*
=] — A, where

AZ[ij[gl-’-gz-’-zglgz)—E. &)
S 4

Equation (5) indicates that when the thermally focal length f;, of the gain medium makes the
cavity to reach the condition of A > 0 in the pumping stage, the laser resonator starts to be
driven into the stable regime. As long as the factor A can satisfy the criterion of 0 <A <<'1 in
the lasing stage, the cavity mode sizes can be maintained fairly large, as indicated in Eq. (1).
We employ a convex-concave cavity to realize the criterion mentioned above. A convex
mirror with the radius of curvature of 500 mm was used as the rear mirror of the cavity that
was coated for high reflection (R>99.8%) in the range of 1040-1060 nm. A concave mirror
with the radius curvature of 600 mm was used as the output coupler of the cavity that was
coated for partial reflection in the range of 1040-1060 nm. We chose the effective cavity
length L to be 90 mm. Consequently, the factor of g;g, can be calculated to be 1.003, i.e. £ =
0.003. In terms of the parameter &, the magnification of the unstable resonator is given by M
~1 + (28"° + & As a result, the magnification can be calculated to be approximately 1.08,
corresponding to an ultra-low-magnification unstable resonator. It is worth to mention that for
typical unstable resonators, larger magnification leads to a smaller misalignment sensitivity.
Although the present cavity design is an unstable resonator with an ultra-low magnification,
however, with appropriate thermal lensing effect in the laser crystal, it can step into the stable
regime and possess a large mode volume. Therefore, the misalignment sensitivity is not rather
critical. With Eq. (5), we can find that to step into the stable regime, the thermally focal
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length f;;, is approximately smaller than 30 m. This feature is quite appropriated for Nd:YLF
crystal which has relatively weak thermal lensing effect [12, 20].

The experimental set-up for the Nd:YLF laser is schematically shown in Fig. 1. The laser
crystal was a 1.0 at. % a-cut Nd:YLF crystal with dimension of 4 x 3 x 12 mm’. The second
end facet was cut with 3°-wedged to prevent the parasitic effect and to separate two
wavelengths. Both end facets of the laser crystal were coated for anti-reflection (R<0.2%) at
1050 nm and its pump face was coated for anti-reflection (R<0.2%) at 808 nm. A Cr*":YAG
crystal was applied for passively Q-switching as the saturable absorber. Both facets of the
saturable absorber was coated for anti-reflection (R<0.2%) coating at 1050 nm. All crystals
were wrapped with indium foil and mounted in conductively cooled copper blocks. The pump
source was a high-power diode stacks (Coherent G-stack package, Santa Clara, Calif., USA),
consisted of six 10-mm-long diode bars. Pitch between each diode bar was 0.4 mm, so the
whole emission area was approximately 10 x 2.4 mm?”. The full divergence angles in the fast
and slow axes were approximately 35° and 10°, respectively. The diode stack was placed
close to the lateral surface of the laser crystal to receive good pump efficiency. In this work,
pumping pulse width and pumping repetition rate of the diode stacks were all set to be 500 s
and 10 Hz. The pulse temporal behaviors were recorded by a LeCroy digital oscilloscope
(Wavepro 7100, 10 G samples/s, | GHz bandwidth) with a fast InGaAs photodiode. The
emission wavelengths were recorded by an ADVANTEST optical spectrum analyzer with
resolution of 0.1 nm (Q89381A).

Tc

cryaG (O b

I Nd:YLF

m—polarization

(1047nm)
Front Quasi-CW Output
mirror diode stack coupler

Fig. 1. Experimental set-up of Nd:YLF laser.

Before carrying on the experiment, we estimated the output performance of the passively
Q-switched laser at two wavelengths to determine the parameters of the output coupler and
the saturable absorber. We simply applied the analytical models in Ref. 21 for simulations.
The reflectivity of the output coupler was chosen to be larger than 70% considering the higher
pumping threshold at 1053 nm and the limitation of pumping source. In order to maintain the
similar pulse energies at two wavelengths, the initial transmission of saturable absorber was
chosen to be approximately 70%. Assuming the pumping mode radius was approximately 1.5
mm, the calculated output pulse energies at 1047 nm and 1053 nm were 17 mJ and 26 mJ.

3. Experimental results for laser performance

At first, we performed the QCW free-running without the Cr*":YAG crystal to confirm the
reliability of the laser configuration and the quality of the laser crystal. We verified that tilting
the orientation of the output coupler was able to switch the output wavelength of Nd:YLF
laser. Figure 2 shows the curve of the laser output energies at 1047 nm and 1053 nm versus
input energy of laser diode stacks under QCW free-running operation. The pump thresholds
of 1047 nm and 1053 nm were 60 mJ and 96 mJ. With the pumping energy of 357 mJ, the
output energies were 56 mJ and 48 mJ at 1047 nm and 1053 nm, respectively. The slope
efficiency at 1047 nm and 1053 nm were both approximately 22%.
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Fig. 2. Output energies under free-running operation with respected to the launched pump
energies.

Then we inserted Cr*":YAG crystal to observe the performance of passively Q-switching
at 1047 nm and 1053 nm, respectively. Since the threshold of Nd:YLF crystal at 1047 nm was
lower than that at 1053 nm, we studied the performance at 1047 nm first. The pump threshold
energy was measured to be 272 mJ with the output pulse energy about 19 mJ. The temporal
shape of the passively Q-switched pulse at 1047 nm is depicted in Fig. 3 (a), which displays
the frequency-beating modulation. The pulse width was approximately 9 ns. With the
recorded data of pulse shape, the peak power was numerically calculated to be approximately
2.7 MW. We adjusted the output coupler to align the cavity for laser emission at 1053 nm.
The output pulse energy was found to be 23 mlJ in the passively Q-switched operation with
the pump threshold energy of 357 mJ. Although the pump threshold energy at 1053 nm was
higher than that at 1047 nm, which comes from the lower emission cross section, the output
energy at 1053 nm was approximately 1.2 times higher than that at 1047 nm. The temporal
shape of the passively Q-switched pulse at 1053 nm is depicted in Fig. 3(b). The pulse width
was approximately 10 ns, and the peak power was numerically calculated to be approximately
2.3 MW.

Compared to the simulations, the experimental pulse energy at 1047 nm was larger, which
was opposite at 1053 nm. We suspected that it was due to the different mode volumes in two
wavelengths. According to previous works [12, 20], the thermal lensing effect in Nd:YLF
crystal was relatively weak at 1047 nm than at 1053 nm, which contributed to a smaller
thermally focusing length f;;,. Furthermore, the higher threshold energy at 1053-nm transition
increased the thermal lensing effect. Combining with Eq. (1), which implied that smaller f;,
corresponds to a smaller mode radius, the cavity mode size at 1047-nm transition would be
larger than that at 1053 nm. As a consequence, the experimental results should be modified
considering the different mode areas.

(@) 10ns/div (b) 10ns/div

Fig. 3. Temporal shape for the laser pulses in the single pulse regime at (a) 1047 nm and (b)
1053 nm.
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Figures 4(a) and 4(b) show the transverse mode distributions for the passively Q-switched
lasers at 1047 nm and 1053 nm, respectively. It can be seen that the transverse pattern at 1053
nm is quite close to a Gaussian mode, whereas the mode structure at 1047 nm displays
somewhat high-order modes. We employed the z-scan method to evaluate the beam quality.
The beam quality factors M” at 1047 nm and 1053 nm were measured to be 3.5 x 6.8 and 3.5
x 5.5 (vertical x horizontal), respectively. As observed in the transverse patterns, the beam
quality at 1053 nm is considerably better than that at 1047 nm in the horizontal direction. This
result may arise from the fact that the temperature dependence of the refractive index for the
1053-nm emission is smaller than that for the 1047-nm emission. To compare the beam
qualities, we simply replaced the convex rear mirror for a plane mirror, which allow the
resonator to be in stable region. Through the experiment, we found that the beam quality
factors My x M, were measured to be larger than 30 x 10 at both wavelengths. Worse of all,
the transverse patterns appeared to be both high-order modes. It is also worthwhile to mention
that the beam quality factors obtained with the unstable cavity design are significantly
improved as compared with the previous side-pumped solid-state lasers of the similar linear-
cavity configuration [22-24]. In the following, we utilized the present Nd:YLF Q-switched
lasers to pump an OPO cavity formed by a monolithic KTP crystal to confirm the application
in nonlinear wavelength conversions.

Fig. 4. Output transverse mode distributions at (a) 1047 nm and (b) 1053 nm.

The nonlinear crystal for the external OPO was an x-cut KTP with dimension of 4 x 4 x
20 mm’. The first end facet was coated for high-transmission (T>95%) in the range of 1040-
1060 nm and high-reflection (R>99.8%) in the range of 1540-1560 nm. The second end facet
was coated for anti-reflection (R<0.2%) in the range of 1040-1060 nm and partial-reflection
(R = 80%) within 1540-1560 nm. The KTP crystal was wrapped with indium foil and
mounted in a conductively cooled copper block. An EOT isolator (1030 nm ~1080 nm) was
used to prevent the depleted pump light getting back to the resonance. The effective
transmission of the isolator was found to be approximately 92%.

After passing through the isolator, the pulse energies at 1053 nm and 1047 nm were 21.5
mlJ and 17.5 mJ, operating at the same condition as the passively Q-switched laser. The output
wavelength of external OPO pumped by the 1053 nm laser was found to be 1552 nm and the
pulse energy was up to 10 mJ, corresponding to an optical-to-optical efficiency of 44%. With
the temporal distribution, the peak power was numerically calculated to be 0.88 MW. On the
other hand, the output wavelength of external OPO pumped by the 1047 nm laser was 1541
nm and the pulse energy was found to be 5.5 mlJ, corresponding to an optical-to-optical
efficiency of 28%. The peak power at 1541 nm was measured to be 0.63 MW. The higher
conversion efficiency with 1053 nm laser is mainly due to the better beam quality. The
oscilloscope traces are depicted in Fig. 5. It can be found that the mode-locking modulations
in the temporal shapes of the fundamental light sources are effectively cleaned through the
OPO process
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Fig. 5. Temporal shape for the pump pulses and signal pulses of external OPO at (a) 1047 nm
and (b) 1053 nm.

4. Conclusion

An ultra-low-magnification unstable cavity has been used to develop a high-pulse-energy
side-pumped Nd:YLF passively Q-switched laser with improving beam quality. With the
birefringent property of a wedged gain medium, the laser cavity can be independently
adjusted to obtain the emissions at 1047 nm and 1053 nm. With a Cr*:YAG crystal of initial
transmission of 70%, the pulse energies at a repetition rate of 10 Hz are found to be 23 mJ
and 19 mJ for the emissions at 1053 nm and 1047 nm, respectively. With the temporal pulse
shapes, the peak powers for the emissions at 1053 nm and 1047 nm were evaluated to be up
to 2.3 MW and 2.7 MW, respectively. With the z-scan method, the beam-quality factors M?
are found to be 3.5 x 5.5 and 3.5 x 6.8 (vertical x horizontal) for the emissions at1053 nm and
1047 nm, respectively. Moreover, the developed Nd:YLF laser is used to pump a monolithic
optical parametric oscillator (OPO) to generate the pulse energies of 10 mJ and 5.5 mJ for the
wavelengths at 1552 nm and 1541 nm, respectively.
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Abstract The natural birefringence of the Nd:YLF crystal
is utilized to achieve a reliable TEMqo-mode linearly polar-
ized laser at 1053 nm in a compact concave-plano resonator.
The efficient selection of the polarization relies on the com-
bined effect of the difference in diffraction angle for o-
and m-polarization of a wedged laser crystal and the align-
ment sensitivity of an optical resonator. We further employ
a Cr*T:YAG saturable absorber to perform the passively Q-
switched operation. At an incident pump power of 12 W, the
maximum average output power is up to 2.3 W with a pulse
repetition rate of 8§ kHz and a pulse width of 9 ns. The pulse
energy and peak power are found to be 288 pJ and 32 kW,
respectively.

1 Introduction

Passive Q-switching has been widely exploited to ac-
complish compact diode-pumped all solid-state pulsed
lasers [1-9]. A long upper-state lifetime of the gain medium
is highly desirable for continuously pumped passively Q-
switched (PQS) lasers to generate large amounts of pulse
energies. As a consequence, the Nd:YLF crystal with a rel-
atively long upper-state lifetime is usually expected to be
appropriate for the construction of a high-pulse-energy laser
with the Cr*t:YAG crystal as a saturable absorber [10—12].
Another attractive feature of the Nd: YLF crystal is the emis-
sion line at 1053 nm, which makes it useful in developing
the master oscillator for a Nd:glass power amplifier [13].
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Although it is generally convenient to employ the c-cut
Nd:YLF crystal as a gain medium for generating a 1053-nm
laser [14-16], the isotropic property in the transverse plane
typically leads the polarization state not to be linearly po-
larized. The a-cut Nd:YLF crystal can alternatively be em-
ployed to obtain a linearly polarized output. However, the
stimulated emission cross section at 1047 nm is higher than
that at 1053 nm by a factor of 1.5 for the a-cut Nd:YLF
crystal [17-22]. As a result, suppressing the m-polarized
emission at 1047 nm turns into an important issue in de-
signing a linearly-polarized 1053-nm laser with the a-cut
Nd:YLF crystal. It has been shown that the effects of extra
losses may be enhanced by the energy transfer upconversion
(ETU) which causes a reduction in the effective upper laser
level lifetime and an increase in fractional thermal loading
[23, 24]. Therefore, it is practically important to develop an
approach without introducing considerable extra losses for
achieving an efficient linearly polarized Nd:YLF 1053-nm
pulsed laser.

In a previous study [25], it was demonstrated that the se-
lection of the polarization in an a-cut Nd:YVOy laser could
be attained by combining the birefringence of the laser crys-
tal with the alignment sensitivity of the plano-plano res-
onator. In this work, we exploit the birefringence of the a-cut
Nd:YLF crystal to realize the selection of the polarization
in a compact concave-plano resonator. Note that the plano-
plano cavity is generally not appropriate for the Nd:YLF
laser because the gain medium has a negative temperature
coefficient for the refractive index, leading to a defocussing
lens. We experimentally find that a reliable linearly polar-
ized TEMgp-mode laser at 1053 nm can be achieved in a
cavity as short as 5 cm by using an a-cut Nd:YLF crystal
with a wedged angle of 3°. We further use a Cr*t:YAG
saturable absorber with an initial transmission of 80 % to
investigate the performance of the PQS operation for vari-
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Fig. 1 Schematic of the cavity
setup for a diode-pumped PQS
Nd: YLF/Cr**:YAG laser

Coupling lens

ous output couplings. With an output coupling of 30 %, the
maximum output power of 2.3 W is generated at an inci-
dent pump power of 12 W, where the pulse repetition rate
and pulse width are 8 kHz and 9 ns, respectively. The cor-
responding pulse energy and peak power are calculated to
be up to 288 pJ and 32 kW, respectively. To the best of our
knowledge, the pulse energy and peak power are the highest
ever reported among the continuously diode-end-pumped
PQS Nd-doped crystal lasers with the Cr*+:YAG crystal of
the same initial transmission.

2 Experimental setup

The experimental setup is schematically shown in Fig. 1.
The input mirror was a concave mirror with the radius-of-
curvature of 500 mm. It was antireflection (AR) coated at
806 nm on the entrance face, and was coated for high trans-
mission at 806 nm as well as for high reflection at 1053 nm
on the second surface. The gain medium was a 0.8 at% a-cut
Nd:YLF crystal with dimensions of 3 x 3 x 20 mm?>, and it
was placed to be adjacent to the input mirror. Both facets of
the laser crystal were AR coated at 806 nm and 1053 nm.
The second surface of the laser crystal was wedged at an
angle 9,, = 3° with respect to the first surface, as indicated
in Fig. 1. The Cr*T:YAG saturable absorber with the initial
transmission of 80 % was AR coated at 1053 nm on both
surfaces, and it was placed near to the output coupler. The
laser crystal and the saturable absorber were wrapped with
the indium foil and mounted in water-cooled copper heat
sinks at 20 °C. The pump source was a 15-W fiber-coupled
laser diode at 806 nm with a core diameter of 400 um and
a numerical aperture of 0.2. The pump beam was reimaged
into the laser crystal with a lens set that has the focal length
of 25 mm and the coupling efficiency of 90 %. The flat out-
put couplers with the transmission of 10 %, 20 %, 30 %,
36 %, and 50 % were utilized for systematic investigations
on the laser characteristics during the experiment. The cavity
length was set to be 50 mm for the construction of a compact
laser. With the ABCD-matrix theory, the cavity mode radii
inside the laser crystal and the saturable absorber were esti-
mated to be approximately 236 pm and 224 um, respectively.
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The pulse temporal behaviors were recorded by a LeCroy
digital oscilloscope (Wavepro 7100, 10 G samples/s, 1 GHz
bandwidth) with a fast Si photodiode.

3 Performance of CW and PQS operations

First of all, we explore the angle tuning characteristics of
the Nd:YLF laser for the o- and m-polarization in the CW
operation, where the Cr**:YAG saturable absorber was re-
moved, the transmission of the output coupler was chosen
to be 30 %, and the incident pump power was fixed to be
12 W to avoid the possibility of the thermal fracture in the
laser crystal. As shown in Fig. 2(a), the output polarization
state can be easily switched by simply tilting the orienta-
tion of the output coupler. Note that the tilting angle ¢ is
defined as the included angle with respect to the orienta-
tion of the output coupler corresponding to the maximum
output power at 1053 nm, as depicted in Fig. 1. The angu-
lar separation between the o- and 7 -polarization under the
individual maximum output power is experimentally found
to be around 1.153 mrad; that is, the angular separation be-
tween the point b and c indicated in Fig. 2(a) is approxi-
mately 1.153 mrad. On the other hand, the refractive indices
for the o - and m-polarization in the a-cut Nd: YLF crystal are
ne = 1.448 and n, = 1.47, respectively. With the Snell’s
law under the small-angle approximation, we can theoret-
ically derive an angular separation to be (n; — ny )6y ~
1.152 mrad between the two polarizations external to the
wedged crystal, which is in a good agreement with the ex-
perimental observations. The two-dimensional spatial dis-
tributions for the o - and m-polarization under the individ-
ual maximum output power are recorded with a digital cam-
era, and both are found to display a near-diffraction-limited
TEMy transverse mode, as shown in Fig. 2(b) for the case
of o-polarization.

With the optimal alignment for 1053-nm emission, we
made a thorough study on the output power with respect to
the output coupling at an incident pump power of 12 W. Note
that the polarization extinction ratio at 1053 nm is consider-
ably larger than 100:1 once the cavity was aligned for the
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Fig. 2 (a) The angle tuning characteristics of the 3°-wedged a-cut
Nd:YLF laser for the o- and m-polarization in the CW operation;
(b) The two-dimensional spatial distributions for the o -polarization
under the maximum output power, indicating a near-diffraction-limited
TEM transverse mode

optimization at 1053 nm. The output power in the CW op-
eration is experimentally found to decrease from 4.88 W to
2.45 W with increasing the output coupling from 10 % to
50 %, as revealed by the red curve in Fig. 3.

When the Cr**:YAG saturable absorber was inserted into
the laser cavity, the dependence of the output power in the
PQS operation on the output coupling is demonstrated by the
green curve in Fig. 3. Experimental results reveal that at an
incident pump power of 12 W, the maximum output power
of 2.3 W is achieved with the output coupling of 30 % in the
PQS operation. The optical-to-optical conversion efficiency
from 806 nm to 1053 nm is thus evaluated to be 18.3 %.
Figure 4 illustrates the pulse repetition rate and the pulse
width versus the output coupling in the PQS operation. It is

7 1 v 1 v 1 v 1 v 1
[ —O— CW operation, P, =12 W
6 I —o- PQS operation, P =12 W, T, = 80% y

Output power (W)
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Fig. 3 The maximum output powers at 1053 nm in the CW and PQS
operations as a function of the output coupling
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Fig.4 Dependences of the pulse repetition rate and pulse width on the
output coupling

experimentally found that both the pulse repetition rate and
the pulse width are insensitive to the change of the output
coupling; namely, when the transmission of the output cou-
pler is varied between 10-50 %, the pulse repetition rate and
the pulse width are in the ranges 8-9 kHz and 9-10 ns, re-
spectively. According to the experimental results illustrated
in Figs. 3 and 4, the pulse energy and peak power are cal-
culated as a function of the transmission of the output cou-
pler, as depicted in Fig. 5. For the output coupler with the
transmission of 30 %, the pulse energy and the peak power
as high as 288 uJ and 32 kW are achieved at an incident
pump power of 12 W. It is worthwhile to mention that so
far the pulse energies obtained with the continuously diode-
end-pumped PQS Nd-doped crystal/Cr*t:YAG lasers, such
as the Nd:YAG [1, 3], c-cut Nd:YLF [7], Nd-doped vana-
date crystals [1-6, 8, 9], are not more than ~210 uJ. That
is to say, the pulse energy based on the 1py 2= I 2
transition is greatly enhanced in our cavity design. Fig-
ures 6(a)-6(b) show the typical oscilloscope traces of the
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Fig. 5 Dependences of the pulse energy and peak power on the output
coupling
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Fig. 6 Typical temporal behaviors at 1053 nm with: (a) time span of
2 ms, and (b) time span of 200 ns, which were recorded with the output
coupling of 30 % under an incident pump power of 12 W

output pulses at 1053 nm with the time span of 2 ms and
200 ns, respectively. The temporal behaviors were recorded
with the output coupling of 30 % under an incident pump
power of 12 W. The pulse-to-pulse amplitude fluctuation is
found to be better than £2 %. With a knife-edge method,
the beam quality factors at 1053 nm for the orthogonal di-
rections were measured to be Mf < 1.1 and M}2, < 1.15, re-
spectively.
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4 Conclusion

In summary, we have successfully demonstrated a reliable
TEMgp-mode linearly polarized laser at 1053 nm with the
natural birefringence of a wedged Nd: YLF crystal in a com-
pact concave-plano cavity. Using the Cr*t:YAG saturable
absorber to perform PQS operation, the maximum output
power can be up to 2.3 W under an incident pump power of
12 W. Under this output condition, the pulse repetition rate
and the pulse width are found to be 8 kHz and 9 ns, respec-
tively. The corresponding pulse energy and the peak power
are up to 288 uJ and 32 kW, respectively. We believe that
the relatively compact configuration presented here is poten-
tially useful for the generation of high-peak-power pulses in
Q-switched Nd: YLF lasers at 1053 nm.
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Tunable GHz pulse repetition rate operation in

high-power TEMy)-mode Nd:YLF lasers at 1047

nm and 1053 nm with self mode locking
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Abstract: We report on a high-power diode-pumped self-mode-locked
Nd:YLF laser with the pulse repetition rate up to several GHz. A novel
tactic is developed to efficiently select the output polarization state for
achieving the stable TEM,-mode self-mode-locked operations at 1053 nm
and 1047 nm, respectively. At an incident pump power of 6.93 W and a
pulse repetition rate of 2.717 GHz, output powers as high as 2.15 W and
1.35 W are generated for the o- and m-polarization, respectively. We
experimentally find that decreasing the separation between the gain medium
and the input mirror not only brings in the pulse shortening thanks to the
enhanced effect of the spatial hole burning, but also effectively introduces
the effect of the spectral filtering to lead the Nd:YLF laser to be in a second
harmonic mode-locked status. Consequently, pulse durations as short as 8
ps and 8.5 ps are obtained at 1053 nm and 1047 nm with a pulse repetition
rate of 5.434 GHz.

©2012 Optical Society of America

OCIS codes: (140.3480) Lasers, diode-pumped; (140.3530) Lasers, neodymium; (140.3580)
Lasers, solid-state; (140.4050) Mode-locked lasers.
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1. Introduction

High-power mode-locked solid-state lasers with multi-GHz pulse repetition rate are attractive
in a great number of applications including high-speed optical sampling, optical clocking,
ultrafast spectroscopy, high-capacity telecommunication, and so on [1]. The Nd:YLF crystal
is specifically characterized by the negative dependence of the refractive index on the
temperature, which can partly compensate for the positive contribution from the end-face
bulging of the gain medium to exhibit a relatively weak thermal-lensing effect. As a
consequence, the Nd:YLF crystal is recognized as one of the most competitive candidates for
constructing high-power lasers with excellent output beam quality. In addition, the natural
birefringence enables the Nd:YLF crystal to easily emit a linearly polarized beam and
completely eliminate the possibility of the thermal depolarization under the high-power
operation. More importantly, the Nd:YLF crystal has a gain bandwidth wider than 1 nm at the
transition line of 4F3,2 - 4111,2, which is more favorable for generating short-duration mode-
locked pulses as compared with other Nd-doped laser crystal. Over the past years, continuous-
wave (CW) mode-locked operation in the Nd:YLF crystal has been successfully realized with
various methods [2-8]. However, high-power mode-locked Nd:YLF lasers with the pulse
repetition rate up to several GHz have been scarcely demonstrated so far.

Passive mode locking with the semiconductor saturable absorber mirror (SESAM) is by
far the most powerful technique to obtain the ultrashort pulses with the pulse repetition rate in
the several hundred MHz range [9, 10]. To further increase the pulse repetition rate into the
GHz region for the passively mode-locked laser, the main challenge is to overcome the
tendency of the Q-switched mode locking, where the pulse train is modulated by the Q-
switched envelop [11]. As a result, the SESAM usually needs to be intricately designed to
have very small modulation depth (typically, below 1%) and low saturation fluence for
achieving a multi-GHz passively mode-locked laser without the Q-switching instability,
which undoubtedly increases the difficulties and costs in fabricating the SESAM. The
extremely small modulation depth and low saturation fluence make it possible to utilize the
nonlinear effect of the laser crystal itself as an alternative means for fulfilling a high-
repetition-rate mode-locked laser. In fact, it was recently found that the third-order
nonlinearity of the gain medium could be used to achieve a fairly stable multi-GHz operation
in Nd-doped vanadate crystals with the mechanism of the self mode locking [12—14]. Such
self-mode-locked mechanism relies on the fact that the number of the oscillated longitudinal
modes in a multi-GHz mode-locked laser with the Nd-doped laser crystals to be characterized
by the narrow gain bandwidth is not large, which is generally less than about 20 modes.
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Consequently, the third-order nonlinearity of the gain medium could offer enough locking
strength to lock several tens of the oscillated longitudinal modes in a short cavity for
accomplishing a high-repetition-rate mode-locked laser without any additional modulation
elements except the gain medium inside the laser cavity, which is experimentally verified
with our previous works [12-14]. It is worthwhile to point out that the previously reported
high-repetition-rate self-mode-locked lasers were mainly focused on the performance at 1064
nm and 1342 nm. One of the attractive features of the Nd: YLF crystal is the emission lines at
1053 nm and 1047 nm. The 1053-nm line is inherently useful in developing a master
oscillator for the Nd:glass power amplifier [15], while the 1047-nm line is found to play an
important role in the skin wound healing [16]. Therefore, high-power high-repetition-rate
mode-locked Nd: YLF lasers at 1053 nm and 1047 nm are highly desirable to be developed.

In this work, we report our experimental observations on a diode-pumped self-mode-
locked Nd: YLF laser with multi-GHz pulse repetition rate for the first time. A novel approach
that bases on the natural birefringence of a wedged Nd:YLF crystal and the alignment
sensitivity of an optical resonator is utilized for efficient selection of the output polarization
state. With the developed method, stable self-mode-locked operations with TEMy, transverse
mode are accomplished for the 6- and n-polarization, respectively. At an incident pump power
of 6.93 W, this compact pulsed laser produces output powers up to 2.15 W and 1.15 W at
1053 nm and 1047 nm under a pulse repetition rate of 2.717 GHz. We find that decreasing the
separation between the gain medium and the input mirror brings in the pulse shortening
thanks to the enhanced effect of the spatial hole burning (SHB), where the shortest pulse
widths of 8 ps and 8.5 ps are obtained for the o- and n-polarization, respectively. Furthermore,
the occurrence of the second harmonic mode locking rather than the fundamental mode
locking is experimentally observed when the gain medium is closely adjacent to the input
mirror.

2. Experimental setup

The experimental setup for the diode-pumped self-mode-locked Nd:YLF laser is
schematically sketched in Fig. 1. The input mirror was a concave mirror with the radius of
curvature of 500 mm. It was antireflection (AR) coated at 806 nm on the entrance face, and
was coated for high transmission at 806 nm as well as for high reflection at 1053 nm on the
second surface. The gain medium was a 0.8 at. % a-cut Nd:YLF crystal with dimensions of 3
x 3 x 20 mm’. Both facets of the laser crystal were AR coated at 806 nm and 1053 nm.
Besides, the second surface of the gain medium was wedged at an angle 6,, = 3 J with respect
to the first surface for efficient selection of the output polarization state as well as absolute
elimination of the etalon effect. The laser crystal was wrapped with indium foil and mounted
in a water-cooled copper heat sink with the temperature of 16°C. The pump source was an
806-nm fiber-coupled laser diode with the core diameter of 400 pm and the numerical
aperture of 0.14. The pump beam with the spot radius of approximately 200 um was re-
imaged inside the laser crystal with a lens set that has the focal length of 25 mm and the
coupling efficiency of 90%. A flat wedged mirror with the reflectivity of 90% in the range of
1040-1060 nm was used as the output coupler during the experiment, which is experimentally
found to allow for the maximum output power under the CW mode-locked circumstance and
provide sufficient intracavity energy for stable self mode locking simultaneously. The optical
cavity length was set to be about 55 mm, which corresponds to the free spectral range of
2.717 GHz. By using the ABCD-matrix theory, the cavity mode radius inside the laser crystal
was calculated to be 230 um. It should be mentioned that the stable self-mode-locked
operation could be realized with the optical cavity length ranging from 45 mm to 100 mm,
corresponding to the free spectral range of 1.5-3 GHz.

The real-time temporal behaviors of the mode-locked pulses were received by a high-
speed InGaAs photodetector with the rise time of 35 ps, and the recorded signal was
connected to a digital oscilloscope (Agilent, DSO 80000) with the electrical bandwidth of 12
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GHz and the maximum sampling interval of 25 ps. The output signal of the photodetector was
also delivered to a radio frequency (RF) spectrum analyzer (Advantest, R3256A) with the
bandwidth of 8 GHz. The fine structure of the mode-locked pulses was measured with the
help of a commercial autocorrelator (APE pulse check, Angewandte Physik and Elektronik
GmbH). A Fourier optical spectrum analyzer (Advantest, Q8347), which is constructed with a
Michelson interferometer, was employed to monitor the spectral information with the
resolution of 0.003 nm.

Laser diode

Input mirror 0

[/

o-polarization (1053 nm)

b
R TIIr » ?
d c Output coupler  7_polarization (1047 nm)

Fig. 1. Configuration of the cavity setup for the diode-pumped self-mode-locked Nd:YLF laser.
3. Performance of the self-mode-locked Nd:YLF laser

On the basis of the combined effect of the different deflection angle for the o- and =-
polarization due to the natural birefringence of a wedged laser crystal and the alignment
sensitivity of an optical resonator, we experimentally verify that the output polarization state
of the Nd:YLF laser could be switched simply by tilting the orientation of the output coupler
[17]. Note that the 6- and m-polarization in the Nd:YLF crystal correspond to the emission
lines at 1053 nm and 1047 nm, respectively. Then the Nd:YLF laser was finely adjusted to be
in a steady CW mode-locked state by monitoring the real-time oscilloscope traces. The
separation d between the laser crystal and the input mirror was initially set to be around 8
mm. At a pulse repetition rate of 2.717 GHz, the output powers for the CW mode locking at
1053 nm and 1047 nm as a function of the incident pump power at 806 nm are illustrated in
Fig. 2. Note that the stable CW self-mode-locked operation could always be achieved as long
as the incident pump power reaches the threshold. Meanwhile, the laser beam radius of 230
pum is larger than the pump beam radius of 200 um in the present setup, which leads to a
relatively large diffraction loss induced by the thermal lens aberration. Based on the
assumption of a Gaussian-like pump profile and following the analysis in Ref [18], here we
find that the combined effect of the mode size change in the laser crystal due to the Kerr self-
focusing and the thermally induced diffraction loss could result in the nonlinear diffraction
loss modulation on the order of 107, This nonlinear loss modulation of the so-called thermo-
Kerr mode locking is experimentally confirmed to be sufficient for the self-starting of the
present self-mode-locked laser, where the required nonlinear loss modulation is numerically
estimated to be around 107 [18]. Refer to the Fig. 2, the threshold pump powers at 1053 nm
and 1047 nm are found to be almost the same. The maximum output power as high as 2.15 W
is achieved for the o-polarization, while the maximum output power for the m-polarization is
1.15 W. The two-dimensional spatial distributions at 1053 nm and 1047 nm under an incident
pump power of 6.93 W were recorded with a digital camera, and both are found to display a
near-diffraction-limited TEMy, transverse mode, as revealed in the inset of Fig. 2 for the case
of the o-polarization.
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Fig. 2. Output powers for the CW mode locking at 1053 nm and 1047 nm as a function of the
incident pump power at 806 nm, where the pulse repetition rate is 2.717 GHz. Inset: two-
dimensional spatial distribution of the TEMy, transverse mode for the case of the o-
polarization.

Typical oscilloscope traces of the mode-locked pulses at 1053 nm are illustrated in Figs.
3(a)-3(b) with the time span of 1 ps and 5 ns, respectively. The amplitude fluctuation is
experimentally found to be better than 2%. Moreover, the full modulation of the pulse trains
without any CW background indicates that the complete mode locking is achieved in the
current configuration. It is also worthwhile to mention that the Q-switched mode locking is
not experimentally observed in the self-mode-locked Nd:YLF laser. For Q-switched mode
locking, the period between the Q-switched envelops ranges from several hundreds of
microsecond to several millisecond. However, the pulse train in millisecond time scale is not
presented here because the temporal behavior could not be properly resolved with such wide
time span owing to the reduction of the sampling rate. Therefore, we measure the RF
spectrum to confirm the stability of the present self-mode-locked Nd:YLF laser, which is
displayed in Figs. 3(c)-3(d). It can be seen clearly that the peak of the fundamental harmonic
is 35 dBc above the background level, and the relaxation oscillation sidebands are negligibly
observable. The stability of the laser is examined by the relative frequency deviation of the
fundamental harmonic Av/v, where v is the central frequency and Av is the full width at half
maximum (FWHM) of the fundamental harmonic, respectively. The relative frequency
deviation of the fundamental harmonic is experimentally found to be around 10> over the
day-long operation, which implies a nice long term stability.

On the other hand, Fig. 3(e) reveals the autocorrelation trace at 1053 nm. Assuming the
temporal intensity to follow the Gaussian-shaped profile, the pulse width could be evaluated
as 28.5 ps. Figure 3(f) depicts the corresponding optical spectrum with the central wavelength
of 1053.34 nm and the FWHM of approximately 0.05 nm. As a result, the time-bandwidth
product is estimated to be 0.424, which indicates the present pulses to be frequency chirped.
Note that the mode spacing of 0.01 nm between the adjacent longitudinal modes is consistent
with the fundamental harmonic of 2.717 GHz, as indicated in Fig. 3(f).
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with the time span of (a) 1 ps and (b) 5 ns; RF spectrum with the frequency span of (c) 7 GHz
and (d) 10 MHz; (e) autocorrelation trace for d = 8 mm; (f) optical spectrum for d = 8 mm; (g)
autocorrelation trace for d = 0.5 mm; (h) optical spectrum for d = 0.5 mm.

Previous studies have theoretically analyzed and experimentally realized that decreasing
the separation between the gain medium and the input mirror allows more longitudinal modes
to oscillate in a standing-wave cavity [19-21]. Consequently, the SHB effect would be
enhanced to lead the duration of the mode-locked pulse to be effectually shortened. In the
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present configuration, the pulse width of the mode-locked Nd:YLF laser is found to reduce
continuously with decreasing the separation d between the gain medium and the input mirror.
When the laser crystal is intimately next to the input mirror, i.e., d = 0.5 mm, the shortest
pulse width of 8 ps is obtained at 1053 nm, as shown in Fig. 3(g). Figure 3(h) demonstrates
the corresponding optical spectrum for d = 0.5 mm. It is obvious that the pulse shortening is
accompanied with the spectral broadening due to the enhancement of the SHB effect. More
intriguingly, the mode spacing between the adjacent longitudinal modes for d = 0.5 mm is
found to be two times wider than that for d = 8 mm. The mode spacing of 0.02 nm
corresponds to the pulse repetition rate of 5.434 GHz, which implies that the Nd:YLF laser
changes the mode-locked status from the fundamental mode locking to the second harmonic
mode locking. This observation might come from the fact that the locking strength due to the
third-order nonlinearity is not strong enough to lock the phases of all lasing longitudinal
modes with the mode spacing of 0.01 nm for d = 0.5 mm, in which the number of the
oscillated longitudinal modes is estimated to be approximately 30 modes. In order to keep a
stable self-mode-locked state within the large gain bandwidth supported by the enhanced SHB
effect, it is experimentally found that the number of longitudinal modes would reduce by half
with the longitudinal mode spacing to be doubled. This effectively introduces the effect of the
spectral filtering to lead the Nd:YLF laser to operate at the second harmonic mode locking
rather than the fundamental mode locking. This experimental result is never observed in our
previous studies on the self-mode-locked lasers owing to the relatively narrow gain bandwidth
in the Nd-doped vanadate crystals as compared with the Nd: YLF crystal [12-14].

Finally, the overall characteristics for the self-mode-locked Nd:YLF laser at 1047 nm are
graphically summarized in Fig. 4. Generally speaking, the mode-locked performance for the
m-polarization is found to be similar to the results obtained with the c-polarization.

4. Conclusion

In summary, we have developed a novel technique that relies on the natural birefringence of a
wedged laser crystal and the alignment sensitivity of an optical resonator to realize the
reliable TEMyy-mode self-mode-locked lasers in the Nd:YLF crystal at 1053 nm and 1047
nm, respectively. It is experimentally found that the fundamental mode locking of the
Nd:YLF laser could be reliably obtained with the tunable pulse repetition rate in the range of
1.5-3 GHz. At an incident pump power of 6.93 W and a pulse repetition rate of 2.717 GHz,
this compact mode-locked laser produces the output powers up to 2.15 W and 1.35 W for the
o- and m-polarization, respectively. Furthermore, we have found that decreasing the separation
between the laser crystal and the input mirror not only brings in the pulse shortening due to
the enhancement of the SHB effect, where the shortest pulse durations at 1053 nm and 1047
nm are 8 ps and 8.5 ps, but also effectively introduces the effect of the spectral filtering to
cause the Nd:YLF laser to operate at the second harmonic mode locking instead of the
fundamental mode locking.
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Abstract We report on an efficient high-power passively
Q-switched UV laser at 355 nm. We take into account the
second threshold criterion and the thermal-lensing effect to
design and realize a compact reliable passively Q-switched
Nd:YVOy, laser with Cr*T:YAG as a saturable absorber. At
an incident pump power of 16.3 W, the average output power
at 1064 nm reaches 6.2 W with a pulse width of 7 ns and a
pulse repetition rate of 56 kHz. Employing the developed
passively Q-switched laser to perform the extra-cavity har-
monic generations, the maximum average output powers at
532 nm and 355 nm are up to 2.2 W and 1.62 W, respec-
tively.

1 Introduction

In recent years, ultraviolet (UV) light sources have been
rapidly developed because they are useful in many scientific
research and industrial applications. Compared with other
UV lasers, diode-pumped all-solid-state pulsed lasers with
extra-cavity harmonic generations intrinsically possess ad-
vantages of smaller focused size, higher efficiency, longer
life time, higher stability, easier implement and smaller sys-
tem size etc. [1, 2]. Passively Q-switching of the solid-
state laser with a saturable absorber can provide a reliable
pulsed operation with the benefits of high stability, inher-
ent compactness, and low cost. As a promising saturable
absorber near the infrared region, Cr**:YAG crystal has

Y.J. Huang - Y.P. Huang - P.Y. Chiang - H.C. Liang - K.W. Su -
Y.-F. Chen (X))
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been widely investigated on the passively Q-switched per-
formance thanks to its good chemical and mechanical sta-
bility, long lifetime, excellent optical quality, high damage
threshold, high thermal conductivity, and large absorption
cross section [3—11].

Nd-doped vanadate crystals are characterized by their
high absorption coefficients for diode pumping, large stimu-
lated emission cross sections, and moderate thermal conduc-
tivities that are suitable for achieving excellent laser perfor-
mance. Unfortunately, their stimulated emission cross sec-
tions at 1064 nm are too large to achieve the good pas-
sively Q-switched operations when the Cr**:YAG is used as
a saturable absorber. Several methods have been proposed to
overcome the second threshold of the passive Q-switching,
including the intra-cavity focusing obtained from the three-
element resonator [12—-14] and the employment of a c-cut
crystal as a gain medium [15-17]. However, the peak pow-
ers did not reach a critical level for efficient extra-cavity sec-
ond and third harmonic generations (SHG and THG). As a
result, high-power UV lasers at 355 nm based on passively
Q-switched Nd:YVO4/Cr**:YAG laser at 1064 nm have not
been performed so far.

In this work, we design a high-peak-power passively Q-
switched Nd:YVOy laser with Cr**:YAG as a saturable ab-
sorber for generating a high-power UV laser at 355 nm.
We theoretically analyze and experimentally realize a com-
pact passively Q-switched laser by considering the second
threshold condition and the thermal-lensing effect. At an in-
cident pump power of 16.3 W, the average output power
reaches 6.2 W with a pulse width of 7 ns and a pulse rep-
etition rate of 56 kHz. The corresponding pulse energy and
peak power are found to be as high as 111 pJ and 16 kW,
respectively. With the developed passively Q-switched laser
to perform the extra-cavity SHG and THG, the maximum
average output powers at 532 nm and 355 nm are found to
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be up to 2.2 W and 1.62 W, respectively. The optical-to-
optical conversion efficiencies from 1064 nm to 355 nm and
808 nm to 355 nm are up to 26% and 10%, respectively. To
our knowledge, this is the highest conversion efficiency for
the 355-nm UV laser generated by the passively Q-switched
Nd:YVO4/Cr**:YAG laser.

2 Cavity analysis

It is well known that the absorption saturation in the sat-
urable absorber should occur earlier than the gain saturation
in the laser crystal for good passively Q-switched operation.
The so-called second threshold condition has been analyti-
cally derived from the coupled rate equation, which can be
mathematically expressed as [12, 18]

In(1/T) Ogsa A Y i
Oga 2V
In(1/T¢) +In(1/Roc) + L 0 As

1-8

where T is the initial transmission of the saturable ab-
sorber, Roc is the reflectivity of the output coupler, L is
the nonsaturable round-trip dissipative loss of the resonator,
Ogsa 1s the ground-state absorption of the saturable absorber,
o is the emission cross section of the laser crystal, A/A;
is the ratio of the laser mode area in the laser crystal to
that in the saturable absorber, y is the population inver-
sion reduction factor, which is equals to one for the ideal
four-level laser and two for the three-level laser, and 8 =
Oesa/Ogsa 18 the ratio of the excite excited-state absorption
cross section to the ground-state absorption cross section
of the saturable absorber. With the following parameters:
To=0.7,R=0.5,L=0.03,0g =2 x 10718 cm? [11],
o =25x10""% cm?, y =1, and B = 0.06 [11], the sec-
ond threshold condition can be deduced to be A/As > 2.68
in the case of Nd:YVOy and Cr*+:YAG as a gain medium
and a saturable absorber, respectively. As a consequence, the
ratio of the laser mode radius in the laser crystal to that in the
saturable absorber needs to be larger than 1.64 for achieving
a high-quality passively Q-switched operation.

The configuration for a simple plano-concave resonator
with the thermal-lensing effect is schematically shown in
Fig. 1(a). In the present experiment, the laser crystal and
the saturable absorber are aimed to be as close as possible
to the input concave mirror and the flat output coupler, re-
spectively. An optical resonator with an internal thermal lens
between the resonator mirrors can be replaced by an empty
cavity with the equivalent g-parameters g* and the equiva-
lent cavity length L*, which are given by [19]

1 d;
SRR 1__’>, @)
8i 8i o j( R
di+d>
i=1—-—F 3
gl Rl ’ ()
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Fig. 1 (a) The configuration for a simple plano-concave cavity with
the thermal-lensing effect; (b) calculated results for the ratio of the
cavity mode size in the gain medium to that in the saturable absorber as
a function of the incident pump power for the cases of Ly = 90 mm,
80 mm, 70 mm, 60 mm, and 50 mm when the radius-of-curvature of
the input mirror is chosen to be R = 100 mm

Lj=12 i#],

1
L* = di+dy — Edldz’ 4)
tl

where fi, is the effective thermal focal length, d; and d; are
the optical path length from the center of the gain medium to
the input mirror and output coupler, R and R; are the radius
of curvature of the input mirror and output coupler. In terms
of the equivalent cavity parameters, the cavity mode radius
at the input mirror (w;) and at the output coupler (w,) are
given by [19]

AL* g} 12 it )
w; = - ) L, y=1,271 J-
' 7w \gi(l—gigs
As a result, we can calculate the variations of the cavity
mode radius w; and w; with respect to the effective ther-
mal focal length. The effective focal length of thermal lens
in the end-pumped laser crystal can be estimated with the
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Fig. 2 Schematic of the cavity
setup for a diode-pumped
passively Q-switched
Nd:YVO,/Cr*t:YAG laser

following equation [20]:

1 &P /l ae
fo wKeJo 1—e

x%[ld—n+(n— l)aTwp(Z):|dz, ©6)
w7 (2)

2dT l

where £ is the fraction of the incident pump power that re-
sults in heat, P is the incident pump power, K_ is the thermal
conductivity, « is the absorption coefficient, / is the crystal
length, w,(z) is the variation of the pump radius, dn/dT is
the thermal-optic coefficient, n is the refractive index, and
ar is the thermal expansion coefficient. With the following
parameters: & = 0.24, K. =523 W/m K, « =0.2 mm~!,
[ =12 mm, wp, =300 pm, dn/dT =3 x 107K, n=
2.1652, and oy = 4.43 x 107 K1, the effective thermal
focal length can be calculated as a function of the inci-
dent pump power. To be brief, the dependence of the ratio
w1 /w2 on the incident pump power can be generated to de-
sign and realize a high-quality passively Q-switched laser.
Figure 1(b) depicts the calculated results for the cases of
Lcay =90 mm, 80 mm, 70 mm, 60 mm and 50 mm, where
the Lcay stands for the cavity length and the other parame-
ters used in calculation are as follows: Ry = 100 mm, Ry —
00,d; = 6 mm, dy = (L¢oy — 6) mm. From the Fig. 1(b),
it is obvious that the thermal-lensing effect will make the
cavity to be unstable when the cavity length is too long;
whereas the passively Q-switched laser cannot well operate
in a high-quality state when the cavity length is too short.
Comparative speaking, we chose a resonator with L¢,, = 70
mm to simultaneously satisfy the second threshold criterion
and cavity-stability condition to realize a compact reliable
passively Q-switched laser.

Coupling lens

Laser diode

Input mirror

S Nd:YVO, o

cav

Output coupler

A
~
e

3 Experimental setup and results

The experimental setup is schematically shown in Fig. 2.
The input mirror was a concave mirror with the radius-of-
curvature of 100 mm. It was antireflection (AR) coated at
808 nm on the entrance face, and was coated at 808 nm for
high transmission as well as 1064 nm for high reflection on
the second surface. The gain medium was a 0.1 at.% a-cut
Nd:YVOyq crystal with dimensions of 3 x3 x 12 mm?>, and
it was placed as close as possible to the input mirror. Both
facets of the laser crystal were AR coated at 808 nm and
1064 nm. The Cr**:YAG saturable absorber with an initial
transmission of 70% was AR coated at 1064 nm on both
surfaces, and it was placed near to the output coupler. The
laser crystal and the saturable absorber were wrapped with
indium foils and mounted in water-cooled copper heat sinks
at 20°C. The pump source was a 18-W 808-nm fiber-coupled
laser diode with a core diameter of 600 um and a numerical
aperture of 0.2. The pump beam was re-imaged into the laser
crystal with a lens set that has the focal length of 25 mm with
a magnification of unity and the coupling efficiency of 91%.
Therefore, the maximum incident pump power in our exper-
iment is approximately 16.3 W. The flat output coupler with
50% transmission was employed during the experiment. As
designed in Sect. 2, the cavity length was set to be 70 mm
for the construction of the compact high-power passively Q-
switched laser. The pulse temporal behaviors were recorded
by a LeCroy digital oscilloscope (Wavepro 7100, 10 G sam-
ples/s, 1 GHz bandwidth) with a fast Si photodiode.

First of all, the continuous-wave operation without the
saturable absorber is studied. The average output power as
a function of the incident pump power is presented by the
red curve in Fig. 3(a). The pump threshold and the slope ef-
ficiency are determined to be 2.1 W and 62%, respectively.
At the maximum incident pump power of 16.3 W, the av-
erage output power of 8.8 W is obtained, corresponding to
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10 ' ' ' ' ' ' ' ' tion is illustrated by the green curve in Fig. 3(a). The pump
S _;_ ;‘;‘S“St:Szgugzzfcﬁizrzgg‘atmn threshold and the slope efficiency are found to be 3.3 W and
bl 8T i 47.4%, respectively. At the maximum incident pump power
% of 16.3 W, the average output power as high as 6.16 W
; or i is obtained, corresponding to the optical-to-optical conver-
& sion efficiency up to 37.8%. Figures 3(b)—(c) show the pulse
S T i width, pulse repetition rate, pulse energy, and peak power
& as a function of the incident pump power. For the incident
:>:) 27 i pump power increases from 5 W to 16.3 W, the pulse rep-
etition rate varies from 15.5 kHz to 56 kHz and the pulse
0 0 18 width changes from 20 ns to 7 ns, as shown in Fig. 3(b). Ac-
cordingly, it can be seen that the pulse energy increases from
a 27 uJ to 111 pJ and the peak power increases from 1.3 kW to
60 . . . . . . 1 16 kW when the incident pump power increases from 5 W
to 16.3 W, as revealed in Fig. 3(c). Note that the appear-
’:Fz s0b oa // 150 ance of the satellite pulses following the main Q-switched
< e N — pulse was frequently observed in the past research [21-24].
‘g 40 b S~ 116 % This phenomenon inevitably degrades the Q-switched per-
§ \ 5 formance, leading to the restriction of the maximum achiev-
= 30k . 1 i able Q-switched pulse energy and peak power. However, we
& . :;: did not observe any satellite pulses during the present exper-
% 20 F . y "~ {3 iment, indicating the validness of our cavity optimization. In
~ s gilzz f:,ﬁ;ﬁ“on e oo the following section, we will employ this compact reliable
10 A A A . . . 4 high-power passively Q-switched laser to explore the perfor-
4 6 ] 10 12 14 16 18 mance in the processes of the extra-cavity SHG and THG.
b Incident pump power at 808 nm (W)
120 ' ' ' ' ' ' 18 4 Conversion efficiencies of extra-cavity harmonic
100 —o— puie energy s generations
- @— peak power
3 112 i Here lithium triborate (LBO) crystals are exploited as non-
% 8or 1 § linear frequency converters for SHG and THG since they
5 60 | 3 have the advantages of high damage threshold, relatively
% 6 —5‘3 large acceptance angle, and small walk-off angle. One LBO
- A crystal with dimensions of 3 x 3 x 15 mm® was cut at
“wr 13 6 =90°, ¢ = 10.4° for type-I phase-matched SHG at tem-
0 oo . . . . . 0 perature of 46.6°C. Both facets of the SHG crystal were AR
4 6 8 10 12 14 16 18 coated at 1064 nm and 532 nm. Another LBO crystal with
c Incident pump power at 808 nm (W) dimensions of 3 x3 x 10 mm?> was cut at § = 44° ¢ = 90°

Fig. 3 (a) Average output powers in continuous-wave (red curve) and
passively Q-switched (green curve) operations as a function of the in-
cident pump power; (b) dependences of the pulse repetition rate (red
curve) and pulse width (green curve) on the incident pump power;
(¢) dependences of the pulse energy (red curve) and peak power (green
curve) on the incident pump power

the optical-to-optical conversion efficiency up to 54%. We
then inserted the Cr**:YAG saturable absorber into the laser
cavity to investigate the passively Q-switched performance
in detail. The dependence of the average output power on
the incident pump power in the passively Q-switched opera-
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for type-II phase-matched THG at temperature of 48°C.
Both facets of the THG crystal were AR coated at 1064 nm,
532 nm, and 355 nm. The temperatures of the SHG and THG
nonlinear crystals were monitored by thermoelectric con-
trollers with the precision of 0.1°C. Two convex lenses were
used to focus the laser beams into the SHG and THG non-
linear crystals for achieving efficient harmonic generations.
The former one with focal length of 38 mm was AR coated
at 1064 nm on both sides, the latter one with focal length
of 19 mm was AR coated at 1064 nm and 532 nm on both
sides. The optimized geometrical distances of Ly, Ly, L3
and L4 indicated in Fig. 4 were experimentally determined
to be approximately 100 mm, 50 mm, 40 mm, and 20 mm,



High-power passively Q-switched Nd:YVO4 UV laser at 355 nm 897
Fig. 4 Schematic of the LBO crystal LBO crystal
experimental setup for the r- d_ - d_ == for SHG for THG
extra-cavity SHG and THG Diode-pumpe -
passively Q-switched I Sl e 355 nm output
Nd:YVO, laser
e S 4 1 1 1 1 !
[ 1 1 1 1 !
! 1 1 1 ! !
I 1 1 1 1 I
I 1 1 1 1 |
[ —! 1 ) !
T 1 1 ] I 1
L, L, Ly L,
Fig. 5 (a) Dependences of the ;
average output power at 532 nm 20us/div
(green curve) and 355 nm (blue
curve) on the incident pump 25 . . . . . . | [ | ]
power at 1064 nm; typical i
temporal behaviors at 355 nm s ©— average output power at 532 nm p B S B B B B B T
with: (b) time span of 200 ps, : 2.0 F —o average output power at 355 nm o J
and (c) time span of 50 ns 4 p
& 15F 1 b
=
& g Sns/di
210} - ey
(5] Fa
&0 o al
S 05t .
< o Y
o B e e o e e
0.0
0 1 2 3 4 5 6 7
a Incident pump power at 1064 nm (W) c

respectively. The spot radii inside the SHG and THG non-
linear crystals were estimated to be about 71 pm and 38 pm,
respectively.

The dependences of the average output powers at 532 nm
and 355 nm on the incident pump power at 1064 nm are
shown in Fig. 5(a). At the maximum incident pump power
of 6.3 W at 1064 nm, the highest average output powers
at 532 nm and 355 nm reach 2.2 W and 1.62 W with a
pulse width as short as 5 ns and a pulse repetition rate of
56 kHz. Accordingly, the highest pulse energies at 532 nm
and 355 nm are found to be 39 pJ and 29 uJ. More impor-
tantly, the largest peak powers at 532 nm and 355 nm as high
as 7.8 kW and 5.8 kW are achieved. The optical-to-optical
conversion efficiencies from 1064 to 355 nm and 808 nm to
355 nm are up to 26% and 10%, respectively. With a knife-
edge method, the beam quality factors at 355 nm for orthog-
onal direction were measured to be M2 < 1.2 and M% < 1.3,
respectively. Typical temporal behaviors of the output pulses
at 355 nm are shown in Figs. 5(b)—(c) with time span of
200 ps and 50 ns, respectively. The pulse-to-pulse amplitude
fluctuation is found to be better than £3%.

Finally, it is worthwhile to mention that although the
intra-cavity focusing obtained from the three-element res-
onator can effectively enlarge the ratio of the laser mode
area in the gain medium to that in the saturable absorber
to meet the second threshold condition, it will not only
add complexities to the overall laser cavity but also re-

duce the peak power that is detrimental for efficient extra-
cavity harmonic generations. Employing a c-cut Nd:YVO4
that has smaller stimulated emission cross section is an-
other suitable way to satisfy the second threshold condi-
tion; however, the non-polarized laser output is problematic
in the processes of harmonic generations, in which the lin-
early polarized fundamental beam is usually required. Com-
parative speaking, using a simple plano-concave resonator
to construct a compact high-power passively Q-switched
Nd:YVO,/Cr*t:YAG laser with constantly linear polariza-
tion is a practical method to simultaneously satisfy the sec-
ond threshold condition and provide adequate peak power
for efficient extra-cavity harmonic generations.

5 Conclusion

In summary, we have considered the second threshold cri-
terion and the thermal-lensing effect to design a high-
peak-power passively Q-switched Nd:YVO4 laser with
Cr*t:YAG as a saturable absorber. At an incident pump
power of 16.3 W, the average output power was found to
reach 6.2 W with a pulse width of 7 ns and a pulse repe-
tition rate of 56 kHz. The corresponding pulse energy and
peak power were as high as 111 pJ and 16 kW, respectively.
We further employed the developed passively Q-switched
laser to perform the extra-cavity SHG and THG. At an in-
cident pump power of 16.3 W, the average output powers
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at 532 nm and 355 nm were found to be up to 2.2 W and
1.62 W, respectively. The optical-to-optical conversion effi-
ciencies from 1064 nm to 355 nm and 808 nm to 355 nm
were 26% and 10%, respectively. The excellent conversion
efficiency in the generation of UV light confirms the theo-
retical analysis of the cavity design.

The authors thank the National Science Council for their

financial support of this research under Contract No. NSC-
97-2112-M-009-016-MY3.
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Abstract: A comparison between the fluorescence spectra of the Nd-doped
vanadate crystals (Nd:YVO,, Nd:GdVO,, Nd:LuVOy) for the *Fs, — *I;1
transition is studied. We numerically analyze the condition of gain-to-loss
balance via an uncoated intracavity etalon to achieve the dual-wavelength
operation. We further experimentally demonstrate the orthogonally
polarized dual-wavelength laser with a single Nd:LuVO, crystal. The
simultaneous dual-wavelength Nd:LuVO, laser at 1085.7 nm in o
polarization and 1088.5 nm in = polarization is realized. At an incident
pump power of 12 W, the average output power obtained at 1085.7 nm and
1088.5 nmis 0.4 W and 1.7 W, respectively.
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1. Introduction

Simultaneous dual-wavelength laser has been of great interest for many applications such as
medical instrumentation, precision laser spectroscopy, holography, lidar, and scientific
research of nonlinear optical mixers [1-5]. Rare-earth-doped laser media possessing many
sharp fluorescent lines, especially in the 4F3,2 - 4111,2 transition, are natural candidates to
realize the simultaneous dual-wavelength solid-state lasers. Neodymium (Nd) lasers, because
of their high gains and the good thermal and mechanical properties, are by far the most
important solid-state lasers. The realized simultaneous dual-wavelength lasers in Nd host
crystals can be classified into three main types. The first type involving two different laser
transitions from 4F3/2 — 4111,2, 4F3,2 — 4113/2, or 4F3/2 — 419,2 gives a large wavelength
separation with a single polarization [6—10]. The second type is the laser operated in the same
laser transition with a smaller wavelength separation and a single polarization [11-15], which
is very attractive for coherent terahertz (THz) generation by nonlinear difference frequency
mixing [16]. Coherent THz waves, traditionally defined in the frequency range of 0.1-3 THz,
have great potential for THz imaging, sensing and THz spectroscopy applications [17-19].
The dual-wavelength lasers with orthogonal polarizations, classifying as the third type, are
desirable for the applications of laser interferometry and precision metrology [20,21].
Nd:YAG, Nd:YVO,, and Nd:GdVOy, lasers have been demonstrated recently to achieve the
simultaneous emissions of two orthogonally polarized wavelengths, in which an additional
birefringent element or second gain medium was employed for obtaining orthogonal linear
polarizations [22-24]. It will be more practically desirable and convenient to develop a
compact orthogonally polarized dual-wavelength laser with a single gain medium in a simple
cavity.

In this work, we first make a comparison between the fluorescence spectra of Nd:YVQ,,
Nd:GdVO, and Nd:LuVO, crystals for the 4F3,2 — 4111/2 transition. It is found that the
spontaneous emission spectra of Nd:LuVO, crystals in the range of 1080 nm and 1090 nm
display comparable radiation strengths in © and ¢ polarizations. Comparing to the properties
of Nd:YVO, and Nd:GdVOy crystals, the Nd:LuVO, crystal possesses a wider separation
between the fluorescence peak positions of © and ¢ polarizations near 1080-1090 nm. With
these superior properties, we numerically analyze the condition of gain-to-loss balance via an
uncoated intracavity etalon to achieve the dual-wavelength operation in a Nd:LuVOQ, laser.
Finally, we experimentally accomplish a diode-end-pumped dual-wavelength Nd:LuVO, laser
with orthogonal ¢ and m polarizations at 1085.7 nm and 1088.5 nm, respectively. At an
incident pump power of 12 W, the output powers of 0.4 W at 1085.7 nm and of 1.7 W and
1088.5 nm are simultaneously obtained.
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2. Fluorescence spectra of Nd:YVO,, Nd:GdVO, and Nd:LuVOj, crystals

Vanadate family crystals doped with Nd’* ions, such as Nd:YVO,, Nd:GdVO, and
Nd:LuVO,, have been recognized as the excellent active media for diode-pumped solid-state
lasers due to their broad absorption bands, large absorption and emission cross sections. Nd-
doped vanadate crystals, however, are characterized by their polarization-dependent gains.
We experimentally study the fluorescence properties of Nd:YVO,, Nd:GdVO, and Nd:LuVO,
crystals with doping concentrations of 0.25%, 0.5%, and 0.5%, respectively. Three crystals
were cut along the a axis with dimensions of 3 x 3 x 8 mm” in size. Both end faces of the
crystals were antireflection coated at 808 nm for diode pumping. Figure 1 displays the room-
temperature polarized fluorescence spectra of the Nd:YVO,, Nd:GdVO, and Nd:LuVO,
crystals for the 4F3,2 — 4111/2 laser transition which are relative emission-line intensities
measurements for the respective crystals. The spectral information was monitored by an
optical spectrum analyzer (Advantest Q8381A) that employs a diffraction grating
monochromator with the resolution of 0.1 nm. The blue and red curves represent the m and
polarizations, respectively. As shown in Fig. 1(a), the strongest emission lines of three laser
materials are typically near 1060 nm in ©t polarization, about several times higher than that in
o polarization. Unfortunately, it is considerably difficult to realize an orthogonal-polarization
dual-wavelength laser with a single laser crystal near 1060 nm due to the extremely intense
gain competition between two polarizations. It is obviously seen that all three crystals exhibit
the significant secondary emission lines in the range of 1080-1090 nm with comparable
emission intensity in m and o polarizations. However, the spectral characteristics are
extremely different in the three crystals, as shown in Fig. 1(b). The spectrum of Nd:GdVO,
crystal reveals a large overlap between the emission distributions in  and ¢ polarizations. On
the other hand, the separation between the fluorescence peak positions of m and o
polarizations in the Nd:LuV O, crystal is considerably wider than that in the Nd:YVOQ, crystal.
As a consequence, the Nd:LuVOy crystal is superior to the Nd:YVO, and Nd:GdVO, media
for achieving an orthogonally polarized dual-wavelength laser near 1080-1090 nm, which can
be used as a light source to generate the THz-frequency radiation.
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Fig. 1. (a) Fluorescence emission spectra for the *F3» — *I1» laser transition in the Nd:YVO,,
Nd:GdVOs and Nd:LuVO, crystals at room temperature; (b) fragments of the room-
temperature fluorescence spectra near 1080 and 1090 nm.

3. Numerical analysis for dual-wavelength operation

We analyze the dual-wavelength operation with the Nd:LuVOy, crystal in the range of 1080-
1090 nm under the circumstance of suppressing the strongest emission line near 1060 nm. As
shown in the fluorescence spectrum, the Nd:LuVO, crystal has the comparable emission cross
sections in ¢ and 7 polarizations that are respectively near 1086 nm (~18 x 102" ¢cm?) and
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1089 nm (~20 x 102 cm?) [25]. The threshold condition for each transition wavelength in a
simultaneous dual-wavelength operation is given by [26]

B In(l/R)+L, hv, 1
th.i 2In, o,T, J-J.J.si(r,z)rp(r,z)d\/ ’

i=12, ey

where R;, L;, n;, o;, and 1; are, respectively, the reflectivity, the cavity round-trip loss, the
quantum efficiency, the stimulated emission cross section, and the fluorescence lifetime at the
upper level for the corresponding transition wavelength. Parameters of hv,, [, s(r,z), and
ry(7,z) are the pump photon energy, the length of gain medium, the normalized cavity mode
intensity distribution for the corresponding transition wavelength, and the normalized pump
intensity distribution in the laser cavity. Here i = 1, 2 represents the two wavelengths of 1086
nm and 1089 nm, respectively. Since the two nearly close wavelengths transmitting from the
same upper and lower level in the same cavity, the parameters of n;, 1, 5i(r,2), and ry(r,z) can
be reasonably considered to be equal. Therefore, the ratio of laser thresholds for 1089 nm and
1086 nm can be expressed as:

_F, In(/R)+L, o
P, IWn(/R)+L o,

Since o,<0, and the values of the reflectivity at 1086 nm and 1089 nm are usually nearly
equal, i.e. R|=R,, the ratio v is less than one without introducing the deliberate difference for
losses L; and L,. The result of y<1 indicates that the laser will be dominated at 1089 nm
because this emission line has a lower threshold and a higher stimulated cross section. For
obtaining a dual-wavelength operation, an appropriate difference for losses L; and L, needs to
be introduced to reach the condition of y>1. The result of y>1 means that the laser will first
emit the radiation at the weaker line at 1086 nm and then simultaneously emit the radiation at
1089 nm under a higher pump power.

Next we numerically verify that a uncoated intracavity etalon can be utilized to adjust the
difference for losses L; and L, based on the dependence of Fresnel reflection upon the
incident angle as well as the electric field polarization. The ¢ axis of Nd:LuVO, crystal is set
to be placed in the vertical direction, and the angle of inclination of the etalon is relative to the
optical axis of the resonator, which the plane of incidence is in the horizontal direction. As a
result, the m and o polarized waves are perpendicularly and parallel to the plane of incidence,
corresponding to the S and P waves respectively. The inclined angle of the etalon is equal to
the incident angle of light. In terms of incident angle O, the losses caused by the Fresnel
reflection for S and P waves can be given by [27]

@

L, =R;(n,0)+ [1 - R (n, 9)] R,/ n, sin”' (sin @/ n)) 3)
and
L,=R,(n,0)+ [1 —R,(n, 9)] ‘R, (1/n, sin”' (sin @/ n)), (@)

where

2 2
|cos6’—\/n2—sin26’| _|\/n2—sin26’—nzcosé?|
k) - k)
|cos9+\/n2—sin29| |\/n2—sin29+n2cost9|

and n is the ratio of the refractive indices for the etalon and air. With Eqgs. (2)-(5) and the
parameters in the experiment: o; = 18 x 10 cm?, o, = 20 % 10% em? n = 1.5, R =R, =
0.92, the losses for S and P waves and the ratio of laser thresholds y are calculated as a
function of incident angle 6. It can be seen in Fig. 2(a) that the overlapping curves for the
losses Lg and Lp at the small incident angle, and then gradually separate. As shown in Fig.

&)

Ry (n,0) = R,(n,6)
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2(b), the ratio of laser thresholds y increases with the incident angle, reaches a maximum, and
then falls with further increase in the incident angle. In experiment, we will control the
incident angle 6 to be approximately 30 degrees to obtain a ratio of y = 1.5 for achieving a
dual-wavelength operation.
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Fig. 2. Calculated results for the dependence of (a) the losses for S and P waves and (b) the
ratio of laser thresholds on the incident angle for dual-wavelength operation.

4. Experimental results and discussions

A sketch of the experimental scheme for a cw simultaneous dual-wavelength generation with
orthogonal polarizations is presented in Fig. 3. The gain medium was 0.5 at. % Nd:LuVO,
crystal with a length of 8 mm cut along the a axis. Both facets of the laser crystal were
antireflection-coated at 808 nm and 1080-1100 nm (R <0.2%). The pump source was a 12-W
808-nm fiber-coupled laser diode with a 600-um fiber core diameter and a numerical aperture
of 0.16, reimaged into the laser crystal through a pair of focusing lenses with a focal length of
5 mm and 90% coupling efficiency. The pump spot radius was approximately 200 pm. The
input mirror was a 100-cm radius-of-curvature concave mirror with antireflection coating at
808 nm (R <0.2%) on the entrance face and with high-reflectance coating at 1000-1100 nm (R
>99.8%) and high-transmittance coating at 808 nm (7 >85%) on the second surface. The
output coupler was a flat mirror with transmission of 7% near 1090 nm and high transmission
at 1064 nm (T >85%) for suppressing the gain oscillation at 1064 nm. The measured
transmittance curve for the output coupler is inserted in Fig. 3. An uncoated glass etalon with
a thickness of 0.155 mm was used to nearly fit the wavelength separation between two
fluorescence peak positions of @ and ¢ polarizations near 1080-1090 nm in Nd:LuVOQ, crystal.
The laser crystal was wrapped with indium foil and mounted in a water-cooled copper heat
sink at 20°C. The cavity length was approximately 17 mm.

100

Laser diode

90
80 |
70

Input mirror Output coupler Zz I

Transmittance (%)

etalon
40
20
Nd:LuVO, 10F
Coupling lens ?c 0 T . L
950 1000 1050 1100 1150 1200 1250 1300 1350 1400
a Wavelength (nm)

Fig. 3. Schematic of the experimental setup for the dual-wavelength Nd:LuVOy laser. Right:
Measured transmittance curve for the output coupler.
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First of all, the cw laser operation without an etalon was performed to study the
Nd:LuVO, laser characteristics. Figure 4 presents the dependence of the average output power
on the incident pump power for the single-wavelength Nd:LuVO, laser at 1089.5 nm. The
pump threshold is 0.63 W. The average output power reaches 3.6 W at 12 W of incident pump
power. The corresponding optical-to-optical conversion efficiency is 30% with a slope
efficiency of approximately 35%. The measured optical spectrum at the maximum output
power is depicted in the inset of Fig. 4. The spectral linewidth (FWHM) is about 0.4 nm with
the central wavelength at 1089.5 nm. Note that the present laser output is linearly polarized
along the & direction.

For achieving the dual-wavelength operation, an uncoated glass etalon was inserted in the
laser cavity. By adjusting the inclination of the etalon relative to the optical axis of the
resonator, we realized the simultaneous dual-wavelength lasing regime. At an inclined angle
near 30 degrees, the dual-wavelength emission at 1086 nm and 1089 nm with orthogonal
polarizations was achieved. The dual-wavelength laser was separated into two orthogonally
polarized beams with a polarizing beam splitter (PBS), and the average output power for
individual wavelengths were measured simultaneously. Figure 5 shows the average output
power at each lasing wavelength with respect to the incident pump power at 808 nm. It can be
found that the 1086 nm (o polarization) is lasing prior to the 1089 nm (r polarization) light
due to the initial suppression of m polarization by the inclined etalon. The threshold pump
power is 4.1 W for 1086 nm, and 5.7 W for 1089 nm, which accords with the calculated result
in Fig. 2(b). The output power of 1086-nm line first increases linearly with the pump power,
reaches its maximum power of 0.84 W at the pump power of 7.5 W, and then rises
monotonically. On the other hand, the output power of 1089-nm line increases linearly as the
pump power increases, reaches the intersection of the 1089-nm and 1086-nm curves with an
equal power of 0.73 W at the pump power of 8.8 W, and then generates 1.7 W at 12 W of
pump power. We believe that the gain competition between 1086-nm and 1089-nm lines leads
to the output power of 1086 nm decreases over 7.5 W of pump power. The cw laser operation
has good temporal stability without power competition between the two wavelengths. It is
worthwhile to mention that the equal power operation of 1086-nm and 1089-nm lines at
higher pump power can be promoted by re-angling the etalon.
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Fig. 4. Average output power versus the incident pump power for single-wavelength operation.
Inset, optical spectrum of single-wavelength operation at the maximum output power.
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Fig. 5. Average output powers versus the incident pump power for dual-wavelength operation.

The laser beams of both the two polarizations were observed at different pump powers.
The M? factor of ¢ polarization is estimated to be approximately 1.1 near threshold, and then
increases to be 2.5 at pump power greater than 6 W. On the other hand, the m polarization
maintains the beam quality factor M~ less than 1.3 over the full range of pump powers. It can
be deduced that the spatial distribution of c-polarized component is influenced by the
presence of © polarization. The balance the beam quality between two polarized components
is currently under further development. Figure 6 shows the measured optical spectrum for the
simultaneous dual-wavelength laser at the output power intersection of the two wavelengths.
The central wavelengths are 1085.7 nm (¢ polarization) and 1088.5 nm (rn polarization), in
accord with the maximum transmission of the tilted etalon, with the spectral linewidths
(FWHM) of 0.1 nm and 0.3 nm, respectively. The wavelength separation of 2.8 nm is
equivalent to a frequency difference of 0.7 THz, which is significant for terahertz generation.
The simultaneous dual-wavelength Nd:LuVO, laser is desirable for scientific and practical
applications, especially for the development of terahertz sources. Compared with our
previously published work [15], the dual-wavelength operation at 1083 nm and 1086 nm in
Nd:GdVO, crystal was achieved with an almost identical experimental setup. However, both
the two wavelengths were with the same polarization. Note that it is impossible to generate
the dual-wavelength Nd:GdVO, laser with orthogonal polarizations in the range of 1080-
1090 nm owing to the overlap between the emission distributions in n and ¢ polarizations.
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g. 6. Optical spectrum of dual-wavelength operation at the output power intersection.
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5. Conclusion

The fluorescence propeties of of Nd:YVO,, Nd:GdVO, and Nd:LuVO, crystals for the 4F3,2
— 411 12 transition have been studied and compared. It shows that the Nd-doped vanadate
crystals have the comparable radiation strengths in ¢ and & polarizations in the range of 1080—
1090 nm. In addition, Nd:LuVO, crystal specifically possesses the wider wavelength
separation between the fluorescence peak positions of n and ¢ polarizations. Based on the
superior properties of Nd:LuV Oy, crystal, we have numerically analyzed the condition of gain-
to-loss balance via an uncoated intracavity etalon for achieving the orthogonally polarized
dual-wavelength operation. A diode-pumped dual-wavelength Nd:LuVO, laser with
orthogonal polarizations in the range of 1080-1090 nm has been experimentally
demonstrated. The lasing wavelengths are 1085.7 nm and 1088.5 nm belonging to the ¢ and &
polarizations, respectively. At 12 W of incident pump power, the cw output power obtained at
1085.7 nm and 1088.5 nm was 0.4 W and 1.7 W, respectively. We believed that the insertion
of an etalon to control the cavity losses of two orthogonal polarizations is a simple and
potential method for the low-gain line with a broad-gain bandwidth to realize the
simultaneous dual-wavelength laser with orthogonal polarizations.
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Abstract: A high-pulse-energy eye-safe laser at 1552 nm is
effectually generated by an intracavity Nd:YLF/KTP optical
parametric oscillator (OPO) with the help of the thermally in-
duced polarization switching. The polarization characteristics
of the c-cut Nd:YLF laser at 1053 nm in the continuous-wave
(CW) and Q-switched operation are comprehensively investi-
gated. We experimentally verify the thermally induced birefrin-
gence can lead to a polarization switching between the mutu-
ally orthogonal components of the fundamental pulses. Conse-
quently, an efficient intracavity nonlinear frequency conversion
can be achieved in an optically isotropic laser crystal without
any additional polarization control. With this finding, the pulse
energy and peak power of the compact Nd:YLF/KTP eye-safe
laser under an incident pump power of 12.7 W and a pulse rep-
etition rate of 5 kHz are up to 306 p.J and 4 kW, respectively.

25
2 —O— f= 5kHz
1.0 - —0— f= 8kHz
130 —— f=10kHz
=204 2 —v— =20 kHz
. ] Zos —~O— =40 kHz
(= S oa
015 ]
w0 ] 0
— T T T
a 1530 1540 1550 1560 1570
5 ] Wavelength, nm
= 104
3 ]
Qo
-
>
2 ]
5 0.5 4
O -
04
T T T T T T T

0 2 4 6 8 10 12 14
Incident pump power at 806 nm, W

Output powers at 1552 nm as a function of the incident pump
power at 806 nm under a pulse repetition rate of 5, 8, 10,
20 and 40 kHz, respectively. Inset — optical spectrum of the
Nd:YLF/KTP eye-safe laser
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1. Introduction

Among various Nd-doped laser crystals, the negative tem-
perature dependence of the refractive index in the Nd: YLF
crystal can partly compensate for the positive contribu-
tion of the end-face bulging to exhibit a relatively weak
thermal-lensing effect [1-3], which is inherently beneficial
for designing high-power solid-state lasers. The Nd:YLF
crystal is also highly desirable for generating high-energy
pulses thanks to its long upper-state lifetime [4—7]. The
fluorescence lifetime of 540 us at 1053 nm in the c-cut

Nd:YLF crystal is expected to be more suitable for con-
structing high-pulse-energy lasers as compared with that
of 490 ps at 1047 nm in the a-cut counterpart [8]. Unfortu-
nately, the transversely isotropic property characterized by
the c-cut Nd: YLF crystal leads the polarization state not to
be linearly polarized. Note that the Nd:YLF crystal is an
uniaxial birefringent crystal that shows distinct emission
characteristics between the o- and m-polarization, where
the o- and m-polarization are defined as the oscillated po-
larization of the light to be perpendicular and parallel to
the crystallographic ¢ axis, respectively. As a result, ef-

* Corresponding author: e-mail: yfchen@cc.nctu.edu.tw

© 2012 by Astro, Ltd.
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ficient extracavity nonlinear frequency conversions have
been scarcely reported with the c-cut Nd:YLF crystal to
date because of its randomly polarized emission property.

Nonlinear frequency conversion provides a useful
means for extending the spectral range of available solid-
state laser sources when the polarization state and the di-
rection of the beam propagation are specifically designed
to satisfy the phase matching condition. Linearly polar-
ized fundamental beam is usually adopted to perform an
efficient extracavity nonlinear frequency conversion with
a simple single-pass configuration. Compared with the ex-
tracavity method, the intracavity nonlinear frequency con-
version takes the advantage of the multi-pass of the fun-
damental beam through the nonlinear crystal to effectively
reduce the pump threshold and make the resonator more
compact. Generally speaking, the multiple round trips can
cause the polarization state of the fundamental beam to
be changed by the birefringence in the laser cavity. The
birefringence-induced polarization switching may be the
main mechanism why efficient intracavity nonlinear fre-
quency conversions, such as harmonic generations [9-12]
and optical parametric oscillations [13-17], can be suc-
cessfully realized by using the optically isotropic materials
without any active polarization control in the optical res-
onator. For example, the output power as high as 36.9 W at
532 nm with the Nd: YAG crystal has been achieved by us-
ing an intracavity frequency doubling configuration [12],
and the intracavity Nd: YAG/KTA optical parametric oscil-
lator (OPO) has efficiently generated the eye-safe radia-
tion at 1.54 pm with the output power up to 12.7 W [17].
However, so far the effect of the birefringence-induced po-
larization switching in the process of intracavity nonlinear
frequency conversion has not been experimentally mani-
fested.

In this Letter, we report on an efficient high-pulse-
energy eye-safe radiation in a KTiOPO, (KTP) based
intracavity optical parametric oscillator (IOPO) pumped
by a c-cut Nd:YLF laser with the birefringence-induced
polarization switching. We exhaustively explore the in-
fluences of the thermal effect and the anisotropic prop-
erty of the acousto-optic (AO) Q-switch on the polar-
ization characteristics of the c-cut Nd:YLF laser in the
continuous-wave (CW) and Q-switched operation, respec-
tively. The Q-switched Nd:YLF laser is subsequently uti-
lized to intracavity pump a type-II non-critically phase-
matched KTP crystal for the generation of the eye-safe
radiation at 1552 nm. We properly measure the tempo-
ral behaviors of the depleted fundamental pulses to mani-
fest that the thermally induced birefringence can lead the
mutually orthogonal polarization states of the fundamen-
tal pulses to be effectively switched. This successive po-
larization switching is experimentally confirmed to be the
key mechanism in achieving an efficient IOPO without any
additional polarization control. With this finding, this com-
pact Nd: YLF/KTP eye-safe laser effectually produces the
pulse energy and peak power up to 306 pJ and 4 kW under
an incident pump power of 12.7 W and a pulse repetition
rate of 5 kHz. To the best of our knowledge, this is the

Laser diode
Input Output
mirror AO Q-switch coupler

Coupling lens

Lioro

Figure 1 (online color at www.lasphys.com) Schematic of the
cavity setup for a KTP-based optical parametric oscillator intra-
cavity pumped by an AO Q-switched c-cut Nd:YLF laser

largest pulse energy ever reported among the continuously
diode-end-pumped Nd-doped crystal/KTP eye-safe lasers.

2. Experimental setup

The experimental setup for the Nd:YLF/KTP eye-safe
laser is schematically shown in Fig. 1. The input mir-
ror was a concave mirror with the radius of curvature of
300 mm. It was antireflection (AR) coated at 806 nm on
the entrance face, and was coated at 806 nm for high trans-
mission (HT) as well as 1053 nm for high reflection (HR)
on the second surface. The gain medium was a 0.8 at.%
c-cut Nd:YLF crystal (CASTECH Inc.) with the diameter
of 4 mm and the length of 15 mm. Both facets of the laser
crystal were AR coated at 806 and 1053 nm. Note that al-
though it is an uniaxial crystal with the highly anisotropic
property, the Nd:YLF crystal effectively exhibits the opti-
cally isotropic characteristics in the transverse plane when
it is cut along the crystallographic ¢ axis. The orientation
of the rod axis of the present c-cut crystal to the crys-
tallographic ¢ axis is within 1 degree. The KTP crystal
with dimensions of 5x5x30 mm? was x-cut at §=90°,
¢=0° for the type-II non-critically phase-matched OPO
operation, which maximizes the effective nonlinear coef-
ficient and eliminates the walk-off effect. The pump face
of the KTP crystal was HT coated at 1053 nm as well as
HR coated at 1552 nm that acted as the front mirror of
the IOPO cavity, while the other face of the KTP crystal
was AR coated at 1053 and 1552 nm. Both Nd:YLF and
KTP crystals were wrapped with indium foil and mounted
in water-cooled copper heat sinks at 18°C. A 20-mm-
long AO Q-switch (NEOS technologies) was AR coated
at 1053 nm on both surfaces. It was placed in the cen-
ter of the laser cavity, and was driven at a central fre-
quency of 41 MHz with the radio-frequency (RF) power
of 25 W. A flat mirror that is HR coated at 1053 nm and
partially-reflection coated at 1552 nm with the reflectance

© 2012 by Astro, Ltd.
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Figure 2 (online color at www.lasphys.com) (a) — output pow-
ers at 1053 nm with and without an intracavity polarizer versus
the incident pump power at 806 nm in the CW operation and
(b) — the polarization ratios Phorizontat/Puertical With respect
to the incident pump power at a pulse repetition rate of 5, 8, 10,
20, and 40 kHz, where Phorizontar and Pyerticar represent the
output power with the oscillated polarization to be parallel and
perpendicular to the base of the AO Q-switch, respectively

of 80% was utilized as the output coupler during the ex-
periment. The pump source was an 806-nm fiber-coupled
laser diode with the core diameter of 600 pm and the nu-
merical aperture of 0.2, respectively. The polarization state
emitted from the fiber-coupled laser diode was measured
to be randomly polarized. The pump beam was re-imaged
into the laser crystal with a lens set that has the focal length
of 25 mm with the magnification of unity and the coupling
efficiency of 90%. The lengths of the fundamental laser
cavity and the IOPO cavity were set to be L =115 mm and
L;opo =32 mm for the construction of a compact actively
Q-switched (AQS) eye-safe laser. The pulse temporal be-
haviors were recorded by a LeCroy digital oscilloscope
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Figure 3 (online color at www.lasphys.com) Dependences of the
(a) — output power and pulse width and (b) — pulse energy and
peak power at 1053 nm on the pulse repetition rate at an incident
pump power of 12.7 W

(Wavepro 7100, 10 G samples/s, | GHz bandwidth) with
a fast InGaAs photodiode. The spectral information of the
laser output was measured by an optical spectrum analyzer
(Advantest 8381A) that is constructed with a diffraction
monochromator with the resolution of 0.1 nm.

3. Performance of CW and AQS operation at
1053 nm

First of all, the AO Q-switch and the KTP crystal were
removed from the laser cavity to investigate the CW per-
formance of the c-cut Nd: YLF laser, where the output cou-
pler with the reflectance of 80% at 1053 nm was exploited.
We utilized an intracavity polarizer to make a compara-
tive study of the output characteristics between the lin-
early and randomly polarized state, respectively. Fig. 2a
illustrates the output powers at 1053 nm with and without
an intracavity polarizer versus the incident pump power

www.lasphys.com

© 2012 by Astro, Ltd.



Laser Physics

Y.J. Huang, C.Y. Tang, et al.: Efficient high-pulse-energy eye-safe laser

712 Letters
@) f=5kHz 200 ps/div | (b) f=40kHz 25 ps/div
EEE T
(©) f=50kHz 20 ps/div | (d) f=100kHz 10 ps/div
iLL[HHLLLLLL_LL}_LL

Figure 4 (online color at www.lasphys.com) Pulse trains of the
Q-switched Nd: YLF laser at a pulse repetition rate of (a) 5 kHz,
(b) 40 kHz, (c¢) 50 kHz, and (d) 100 kHz. The dashed circle in
Fig. 4d indicates the phenomena of the pulse missing

at 806 nm. The maximum output power and slope effi-
ciency without an intracavity polarizer are found to be up
to 4.7 W and 43.1%, respectively, as depicted by the red
curve in Fig. 2a. However, the output power and slope ef-
ficiency obtained with an intracavity polarizer are found to
be remarkably lower than those obtained without an intra-
cavity polarizer, as revealed by the green curve in Fig. 2a.
Moreover, the roll-over phenomena in the linearly polar-
ized state is experimentally observed at an incident pump
power of 10.4 W. In the early researches on the solid-state
laser, it was found that the thermally induced birefringence
of the optically isotropic material brings in the coupling
of the power between the mutually orthogonal polariza-
tion components. Consequently, the forbidden polarization
state would be removed with the introduction of a polar-
izer inside the laser cavity [18]. This so-called thermal de-
polarization loss undoubtedly explains why substantially
decreased output power and considerably poorer slope ef-
ficiency are obtained in the present linearly polarized c-cut
Nd:YLF laser.

We then inserted the AO Q-switch into the laser cav-
ity without an intracavity polarizer to explore the polar-
ization characteristics of the c-cut Nd:YLF laser. Figure
2(b) describes the dependences of the polarization ratio
Phorizontal/Poertical on the incident pump power at a
pulse repetition rate of 5, 8, 10, 20, and 40 kHz, where
Prorizontal and Pyerticqr stand for the output power with
the oscillated polarization to be parallel and perpendicular
to the base of the AO Q-switch, respectively. The polariza-
tion ratios for all cases are found to continuously decrease
with the increase of the incident pump power. This obser-
vation is similar to the works reported in Refs. [19,20]. The
diffractive efficiency of the AO Q-switch operated at the
compressional mode is polarization dependent, in which
the light with the oscillated polarization that is parallel to
the propagation of the acoustic wave experiences lower
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Figure 5 (online color at www.lasphys.com) Output powers at
1552 nm as a function of the incident pump power at 806 nm un-
der a pulse repetition rate of 5, 8, 10, 20 and 40 kHz, respectively.
Inset — optical spectrum of the Nd: YLF/KTP eye-safe laser
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Figure 6 (online color at www.lasphys.com) Temporal behav-
iors of the originally input fundamental pulses with the mutually
orthogonal polarizations at a pulse repetition rate of 5 kHz

diffractive loss. In the meantime, the randomly polarized
pump beam leads the gain distribution in the c-cut Nd: YLF
crystal to be isotropic; that is, the gain for the mutually or-
thogonal polarization components of the laser beam are the
same. As a consequence, the lower diffractive loss makes
the horizontally polarized laser beam to own the larger net
gain as compared with the vertically polarized one, which
produces a high degree of the linearly polarized operation
at a low incident pump power. However, the polarization
ratio is experimentally found to decrease with increasing
the incident pump power owing to the reduced difference

© 2012 by Astro, Ltd.
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Figure 7 (online color at www.lasphys.com) Temporal behaviors of the mutually orthogonal polarization components of the depleted
fundamental pulses at a pulse repetition rate of 5 kHz and an incident pump power of (a) 5.9 W, (b) 7.7 W, (c) 10.4 W, and (d) 12.7 W,

respectively

of the net gain between the mutually orthogonal polariza-
tion components. Eventually, a nearly random polarization
state was acquired at the maximum incident pump power
of 12.7 W. Before examining the IOPO conversion effi-
ciency with the KTP crystal, we make a thorough study of
the output performance of this AQS Nd: YLF laser.

Fig. 3 depicts the dependences of the output power,
pulse width, pulse energy, and peak power on the pulse
repetition rate at an incident pump power of 12.7 W. When
the pulse repetition rate increases from 5 to 40 kHz, the
output power varies from 4.0 to 4.5 W and the pulse
width increases linearly from 25 to 180 ns, as shown in
Fig. 3a. Consequently, it can be found that the pulse energy
changes from 800 to 113 wJ and the peak power decreases
from 32 to 0.63 kW with increasing the pulse repetition
rate from 5 to 40 kHz, as revealed in Fig. 3b. Fig. 4a—
Fig. 4d illustrate the pulse trains of the AQS Nd:YLF laser

at a pulse repetition rate of 5, 40, 50, and 100 kHz, respec-
tively. It is experimentally found that the pulse-to-pulse
amplitude stability is better than 8% when the laser op-
erates at 5—40 kHz, as exhibited in Fig. 4a and Fig. 4b.
Nevertheless, increasing the pulse repetition rate beyond
50 kHz results in an unstable Q-switched operation with
the amplitude fluctuation larger than 20%, as revealed in
Fig. 4c. Moreover, the phenomena of the pulse missing
shown in Fig. 4d is observed at a pulse repetition rate of
100 kHz owing to the lack of the gain for the Q-switched
Nd:YLF laser operated at such high pulse repetition rate.
Therefore, it is of crucial importance to design an intricate
cavity for the stable pulsed operation if the Q-switched
Nd:YLF laser with high pulse repetition rate is required
[21].
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4. Performance of IOPO operation at
1552 nm

When the KTP crystal was inserted into the Q-switched
laser cavity and the original IOPO output coupler was em-
ployed, the eye-safe pulsed radiation was achieved. The
orientation of the y-axis of the KTP crystal is set to be par-
allel to the base of the AO Q-switch since the fundamental
beam is partially polarized in the horizontal direction. As
a result, the oscillated polarization of the present eye-safe
laser is horizontally polarized as derived from the type II
phase matching condition. Fig. 5 displays the output pow-
ers at 1552 nm with respect to the incident pump power
at 806 nm at a pulse repetition rate of 5, 8, 10, 20, and
40 kHz, while the inset of Fig. 5 shows the optical spec-
trum of the OPO signal pulses with the central wavelength
at 1552 nm. If the polarization state of the fundamental
beam changes from linear to nearly random status with in-
creasing the incident pump power as observed in Fig. 2b,
the saturation of the output powers at 1552 nm should be
expected. However, it is apparent that the output powers
at 1552 nm are almost linearly proportional to the incident
pump power at 806 nm in the present situation. For the
sake of discovering the interacted mechanism between the
fundamental and OPO signal pulses, we used a polariza-
tion beam splitter to simultaneously monitor the temporal
behaviors of the mutually orthogonal polarization compo-
nents of the depleted fundamental pulses. Firstly, figure 6
describes the input fundamental pulses without the IOPO
conversion at a pulse repetition rate of 5 kHz. It is obvi-
ous that the behaviors of the originally input fundamental
pulses with mutually orthogonal polarizations are nearly
the same. Fig. 7a—Fig. 7d illustrate the characteristics of
the depleted fundamental pulses with mutually orthogonal
polarizations at a pulse repetition rate of 5 kHz when the
incident pump power is increased. Note that the intensi-
ties for each case are normalized with respect to the peak
of the originally input fundamental pulses. Initially, the
1552-nm pulses are mainly generated by the horizontally
polarized fundamental pulses, which is consistent with the
requirement of the type-II phase matching. However, it
is experimentally found that the vertically polarized fun-
damental pulses can switch to the horizontally polarized
state to participate in the IOPO conversion process. Fur-
ther increasing the incident pump power, more and more
parts of the vertically polarized fundamental pulses are
contributed to the generation of the eye-safe radiation, as
can be seen clearly in Fig. 7a—Fig. 7d. Although the effect
of the optically induced birefringence has been explored
in the optically isotropic Nd:Glass and Nd:YAG crystals
[22,23], we infer that the thermally induced birefringence
is the main mechanism that explains the polarization in-
teraction and switching in the present IOPO conversion
process. The deduction is based on the degree of the po-
larization switching is increased with increasing the inci-
dent pump power. It is also worthwhile to mention that the
polarization switching is consistent with the roll-over phe-
nomena obtained with the linearly polarized c-cut Nd: YLF
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Figure 8 (online color at www.lasphys.com) Typical temporal
behaviors of the eye-safe pulses at an incident pump power of
12.7 W and a pulse repetition rate of 5 kHz with: (a) the time
span of 1 us and (b) the time span of 1.5 ms

laser in Sec. 3, both observations are originated from the
fact of the polarization state to be significantly influenced
by the thermal effect in the laser crystal. To be brief, we
first experimentally manifest that the thermally induced
polarization switching plays a vital role in accomplishing
an efficient intracavity conversion process in an optically
isotropic crystal without any active polarization control.
We believe that the observed phenomena can provide im-
portant insights into the laser physics in an intracavity non-
linear frequency conversion process.

Fig. 8a and Fig. 8b demonstrate the typical temporal
behaviors of the single pulse shape and pulse trains at
1552 nm under an incident pump power of 12.7 W and
a pulse repetition rate of 5 kHz. The relatively long pulse
with a remarkable tail depicted in Fig. 8a means that the
eye-safe radiation is generated with several round trips in-
side the IOPO cavity. Consequently, the time-averaged ef-
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fect as a result of this long pulse duration can alleviate the
instability probably caused by the polarization switching
of the fundamental pulses. The above-mentioned inspec-
tion can also be confirmed by referring to Fig. 8b, where
the peak-to-peak amplitude fluctuation is experimentally
found to be within 10% over an hour-long operation. Ac-
cording to Fig. 5, the maximum output power at 1552 nm
is up to 1.56 W under an incident pump power of 12.7 W
and a pulse repetition rate of 5 kHz, corresponding to the
diode-to-signal conversion efficiency of 12.3%. The op-
tical conversion efficiency is comparable with those ob-
tained with the eye-safe lasers driven by the linearly po-
larized fundamental pulses thanks to the assistance of the
thermally induced polarization switching [24—27]. On the
basis of the Fig. 5 and Fig. 8, the pulse energy can be cal-
culated to be as high as 312 pJ and the peak power can
be numerically evaluated to be about 4 kW. In compari-
son with the reported KTP-based IOPOs pumped by the
continuously diode-end-pumped Nd-doped crystal lasers,
we have achieved the largest pulse energy of the eye-safe
radiation by using the Nd:YLF crystal as a gain medium.
This implies that the Nd:YLF crystal is potentially favor-
able to be employed for the construction of high-pulse-
energy lasers.

5. Conclusion

In summary, we have demonstrated an efficient high-
pulse-energy eye-safe radiation in a Nd:YLF/KTP IOPO
with the help of thermally induced polarization switching.
The polarization characteristics of the c-cut Nd: YLF laser
in the CW and AQS operation are comprehensively in-
vestigated and discussed. We properly measure the tem-
poral behaviors of the depleted fundamental pulses and
manifestly find that the thermally induced birefringence
can lead the mutually orthogonal polarization states of the
fundamental pulses to be effectively switched for accom-
plishing an efficient IOPO operation without any extra po-
larization control. With this finding, the pulse energy as
high as 306 pJ with the optical conversion efficiency up to
12.3% is achieved in our compact Nd: YLF/KTP eye-safe
laser under an incident pump power of 12.7 W and a pulse
repetition rate of 5 kHz.
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Abstract: We develop a practical method to extend the power
scale-up for a laser in a concave-plano cavity to be influenced
by a large negative thermal lens. With the developed method,
we successfully scale up the output power of a compact high-
pulse-energy passively Q-switched Nd:YLF laser at 1053 nm
with the Cr**:YAG crystal as a saturable absorber. At an inci-
dent pump power of 12.6 W, the maximum output power un-
der the optimum operation at 1053 nm reaches 2.61 W with a
pulse width of 6 ns and a pulse repetition rate of 4.6 kHz. More
importantly, we experimentally verify that the energy-transfer
upconversion significantly enhances the negative focal length
of thermal lens in the passively Q-switched Nd:YLF laser.
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1. Introduction

Diode-pumped solid-state lasers are useful in a great num-
ber of industrial applications and scientific researches.
Passive Q-switching of the solid-state laser with a sat-
urable absorber provides a reliable pulsed operation that
takes the advantages of high stability, inherent compact-
ness, and low cost [1-3]. The laser crystal with long flu-
orescence lifetime is highly desirable for continuously
pumped passively Q-switched (PQS) laser to generate
high-energy pulses. Consequently, the Nd: YLF crystal that
is characterized by relatively long upper-state lifetime has
large potential for developing a high-pulse-energy pulsed

laser with the Cr**:YAG saturable absorber. Moreover, the
Nd:YLF laser is inherently beneficial to be a master oscil-
lator for the Nd:Glass power amplifier due to the excellent
spectral overlap between the 1053-nm emission line and
the gain peak of the Nd:Glass laser [4].

Practically, using the c-cut Nd:YLF crystal is a con-
venient way for generating the emission line at 1053 nm,
because it can completely avoid the complexities required
for the suppression of the unwanted laser transition at
1047 nm. The fluorescence lifetime of 540 us at 1053 nm
in the c-cut Nd:YLF crystal is also expected to be more
suitable for producing high-energy pulses as compared
with that of 490 us at 1047 nm in the a-cut counterpart [3].
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However, the implementation of high-pulse-energy PQS
Nd:YLF lasers at 1053 nm has not been completely ex-
plored yet. The main reason is that the behavior of the
thermal-lensing effect in the c-cut Nd:YLF crystal is sig-
nificantly different from the ones in other popular gain me-
dia such as Nd:YVOy4 and Nd:YAG crystals. The critical
difference is that the negative dependence of the refractive
index on the temperature (dn/dT) over the positive contri-
bution from the end-face bulging of the gain medium leads
the c-cut Nd:YLF crystal to behave a defocusing thermal
lens. Furthermore, the effect of the energy-transfer upcon-
version (ETU) reduces the effective upper-state lifetime
and increases the fractional thermal loading in the laser
crystal [5-8]. The ETU effect inevitably causes the effec-
tive focal length of the thermal lens in the PQS operation
to be considerably more negative than the one in the con-
tinuous wave (CW) operation. As a result, a reliable and
efficient tactic for designing continuously pumped high-
pulse-energy PQS laser at 1053 nm is highly desirable to
be developed.

In this work, we develop a straightforward method to
implement the power scale-up of a compact high-pulse-
energy PQS Nd: YLF laser at 1053 nm with the Cr**:YAG
crystal as a saturable absorber in a concave-plano cavity.
We numerically analyze the mode-to-pump size ratio as a
function of the thermal focal length to verify that decreas-
ing the radius of curvature (ROC) of the concave mirror
can effectually extend the power scale-up for a laser in a
concave-plano cavity to be influenced by a large negative
thermal lens. With the developed method, we experimen-
tally make a systematic comparison between the CW and
PQS operations of the c-cut Nd:YLF laser to confirm the
negative thermal-lensing effect enhanced by the ETU ef-
fect. At an incident pump power of 12.6 W, the optimum
1053-nm laser produces the maximum output power of
2.61 W with a pulse width of 6 ns and a pulse repetition
rate of 4.6 kHz. The corresponding pulse energy and peak
power are estimated to be up to 570 pJ and 95 kW, respec-
tively. To the best of our knowledge, these are the largest
pulse energy and highest peak power ever reported among
continuously pumped PQS Nd-doped crystal/Cr**:YAG
lasers with the same initial transmission.

2. Numerical analyses

Previous studies have demonstrated that the mode-to-
pump size ratio plays an important role for power scaling
in diode-end-pumped solid-state lasers, in which the op-
timum mode-to-pump size ratio is practically found to be
in the range 0.6—1.0 [9-11]. With the ABCD-matrix the-
ory, here we take into account of the thermal-lensing ef-
fect to numerically calculate the mode-to-pump size ratio
as a function of the thermal focal length for the cases of
R =50 mm, 100 mm, 200 mm, and 500 mm in a concave-
plano cavity, where R is the ROC of the input concave mir-
ror. In the present analyses, the pump radius wy,o =210 um
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Figure 1 (online color at www.lasphys.com) Calculated results
for the mode-to-pump size ratio as a function of the thermal fo-
cal length for the cases of R=50 mm, 100 mm, 200 mm, and
500 mm. (a) — positive thermal-lensing effect and (b) — negative
thermal-lensing effect

and the cavity length L., =35 mm are used, and the ther-
mally induced lens is set to be adjacent to the input con-
cave mirror.

When the positive thermal lens is considered, we find
that the mode-to-pump size ratios for all cases are well
located between 0.6— 1.0 in the large operated region, as
depicted in Fig. 1a. We also find that the magnitude of the
thermal focal length | f; | should be larger than (RL)/(R—
L) to satisfy the stability criterion. Because the magnitude
of the thermal focal length is inversely proportional to the
incident pump power, the higher incident pump power can
be allowed by using the concave mirror with larger ROC
when the positive thermal lens is regarded.

On the other hand, we find that the ROC of the con-
cave mirror needs to be small enough to fulfill the optimum
mode-to-pump size ratio for the case of negative thermal-

© 2012 by Astro, Ltd.
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Figure 2 (online color at www.lasphys.com) Configuration of
the cavity setup for a diode-pumped PQS Nd:YLF/Cr**:YAG
laser

lensing effect, as shown in Fig. 1b. At the same time, the
magnitude of the thermal focal length |fy| is derived to
need to be larger than R to keep the cavity stable. On the
whole, it is numerically found that decreasing the ROC of
the concave mirror is favorable for simultaneously achiev-
ing good mode-to-pump size ratio as well as power scal-
ing in a concave-plano cavity that is affected by a negative
thermal lens.

3. Experimental setup

The experimental setup is schematically shown in Fig. 2.
The input concave mirror was antireflection (AR) coated
at 806 nm on the entrance face, and was coated for high
transmission at 806 nm as well as for high reflection at
1053 nm on the second surface. The gain medium was a
0.8 at.% c-cut Nd: YLF crystal with the diameter of 4 mm
and the length of 15 mm. The Nd:YLF crystal was placed
adjacent to the input concave mirror. Both facets of the
laser crystal were AR coated at 806 and 1053 nm. The
Cr**:YAG saturable absorber with an initial transmission
of 80% was AR coated at 1053 nm on both surfaces,
and it was placed near to the output coupler for achiev-
ing a high-quality PQS operation. The laser crystal and
the saturable absorber were wrapped with indium foil and
mounted in water-cooled copper heat sinks at 16°C. The
pump source was a fiber-coupled laser diode at 806 nm
with a core diameter of 400 ym and a numerical aperture
of 0.14. The pump beam with the spot radius of 210 um
was re-imaged inside the laser crystal with a lens set that
has the focal length of 25 mm and the coupling efficiency
of 90%. The flat output coupler with the reflectivity of 74%
at 1053 nm was employed throughout the experiment. The
cavity length was set to be 35 mm for the construction of
a compact PQS laser. The pulse temporal behaviors were
recorded by a LeCroy digital oscilloscope (Wavepro 7100,
10 G samples/s, 1 GHz bandwidth) with a fast InGaAs
photodiode.
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Figure 3 (online color at www.lasphys.com) Output power as a
function of the incident pump power for the cases of R =50 mm,
100 mm, 200 mm, and 500 mm. (a) — in the CW operation and
(b) — in the PQS operation

4. Performance of CW and PQS operations

First of all, the CW operation without the saturable ab-
sorber was studied. Fig. 3a shows the output power at
1053 nm as a function of the incident pump power at
806 nm for the cases of R=50 mm, 100 mm, 200 mm,
and 500 mm. It is obvious that although the pump thresh-
olds for all cases are almost identical, the slope efficiency
obtained with R =500 mm is remarkably lower than those
obtained with other three cases. This observation is a result
of the poorer mode-to-pump size ratio, as can be referred
to Fig. 1b for R =500 mm case.

When the Cr*+:YAG saturable absorber was inserted
into the resonator, the degradation in the output power to-
gether with the roll-over phenomena for R=200 mm and
500 mm in the PQS operation further highlight the crucial
importance of using small ROC of the concave mirror for
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power scale-up, as depicted in Fig. 3b. During the early re-
searches on the Nd: YLF crystal, many investigations indi-
cated that power scaling in the Nd: YLF laser is practically
hindered by the ETU effect [5-8]. The combined effect of
the ETU effect and its subsequent multiphonon relaxation
brings in the considerable enhancement of the thermal-
lensing effect in the Nd:YLF laser. As a consequence, the
increased thermal-lensing effect in the present PQS oper-
ation is believed to cause the deterioration in the output
powers for R=200 mm and 500 mm. From the analyses
of the coupled rate equation, the criterion for good PQS
operation is given by [12]:
0gs A gl

(3
ln(%()g)—&-ln(L) v A, 1-3 o

Roc

where Tj is the initial transmission of the saturable ab-
sorber, Rpc is the reflectivity of the output coupler, L
is the nonsaturable loss, o4 is the ground-state absorp-
tion cross section of the saturable absorber, o is the stim-
ulated emission cross section of the gain medium, A/A;
is the ratio of the mode area in the gain medium and in
the saturable absorber, ~ is the inversion reduction fac-
tor, and [ is the ratio of the excited-state absorption cross
section to the ground-state absorption cross section in the
saturable absorber. Since the o 5 value of the Cr'™:YAG
crystal (~ (2045)x 10~ cm?) is remarkably larger than
the o value of the Nd:YLF crystal (1.2x 10719 cm?), the
criterion for good PQS operation is generally satisfied in
the Nd: YLF/Cr*+:YAG laser despite the ratio of the mode
area A/A, varies with the incident pump power and the
ROC of the concave mirror. In other words, the influence
of the changing mode area in the saturable absorber on the
PQS performance can be neglected undoubtedly.

To further investigate the influence of the negative ther-
mal lens on the Nd: YLF laser, we evaluate the effective fo-
cal length of the thermal lens with the following equation
[13,14]:

1
 — 2
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where ¢ is the fractional thermal loading, P, is the inci-
dent pump power, K. is the thermal conductivity of the
laser crystal, [ is the length of the laser crystal, « is the
absorption coefficient at the pump wavelength A\, dn/dT’
is the temperature dependence of the refractive index, n
is the refractive index, a is the coefficient of the ther-
mal expansion, M? is the pump beam quality factor, and
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Figure 4 (online color at www.lasphys.com) Numerical calcula-
tions of the thermal focal length versus the incident pump power
for the CW and PQS cases

wp(2) is the variation of the pump radius, where the pump
beam waist w, is assumed a distance zp from the en-
trance of the laser crystal. With the following parameters:
K.=63W/mK,l=15mm, a=0.18 mm~*, \, =806 nm,
dn/dT=-2x10"% K1, n=1.448, ar =8.3x107% K71,
M?2=115, wpo =210 pm, and 2p=3.8 mm, the thermal
focal length with respect to the incident pump power is
plotted in Fig. 4. Numerical calculations for the CW case
with £€=0.24 are found to be consistent with the previ-
ously published data, where the fractional thermal loading
¢ is derived from the quantum defect value. According to
the previous studies, the fractional thermal loading influ-
enced by the ETU effect is usually magnified by a factor
of ~ 3 as compared with the value in the CW operation.
Therefore, we use £ =0.7 to calculate the PQS case, as re-
vealed in Fig. 4. Numerical calculations for the PQS case
are found to be in good agreement with the estimated re-
sults deduced from the experimental data shown in Fig. 3b.
The deduction is based on the fact that the ROC of the
concave mirror needs to be smaller than the magnitude of
the thermal focal length to satisfy the stability criterion,
as analyzed in Sec. 2. To be brief, a concave mirror with
the ROC significantly smaller than the thermal focal length
can be effectively used to achieve the power scale-up for
a laser influenced by a negative thermal lens with a plano-
concave cavity. Moreover, due to the ETU effect, the suit-
able ROC of the concave mirror for the PQS case is con-
siderably smaller than that for the CW case at the same
incident pump power.

In Fig. 3b, the resonator with =100 mm is found
to possess the highest maximum output power of 2.61 W
at an incident pump power of 12.6 W. Therefore, we
make a thorough study on the performance of the PQS
Nd:YLF/Cr**:YAG laser with R=100 mm. Fig. 5a and
Fig. 5b illustrate the dependences of the pulse width, pulse

© 2012 by Astro, Ltd.
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Figure 5 (online color at www.lasphys.com) Dependences of (a)
the pulse width, pulse repetition rate and (b) pulse energy, peak
power on the incident pump power in the PQS operation with
R=100 mm

repetition rate, pulse energy and peak power on the in-
cident pump power. When the incident pump power in-
creases from 5.17 to 12.6 W, the pulse width decreases
from 14s to 6 ns and the pulse repetition rate varies from
1.0 to 4.6 kHz, as shown in Fig. 5a. Accordingly, it can be
seen that the pulse energy increases from 210 to 570 pJ
and the peak power changes from 15 to 95 kW with in-
creasing the incident pump power from 5.17 to 12.60 W,
as revealed in Fig. 5b. Typical temporal behaviors of the
output pulses at an incident pump power of 12.6 W are
shown in Fig. 6a and Fig. 6b with the time span of 2 ms and
100 ns, respectively. The pulse-to-pulse amplitude fluctu-
ation is generally found to be within +3%.

Finally, it is worthwhile to mention that so far the pulse
energies obtained with the continuously pumped PQS Nd-
doped crystal/Cr+:YAG lasers, such as the Nd: YAG [1,2],
c-cut Nd: YLF [3], Nd-doped vanadate crystals [1], and so
on, are not more than ~ 300 pJ. That is to say, the pulse
energy based on the “Fj /2= 9y /2 transition is signifi-
cantly enhanced in our present work. This indicates that

—_—
. 200 ps/div ]

o b b b b b b b b b

]
10 ns/div ]

Figure 6 (online color at www.lasphys.com) Typical temporal
behaviors at 1053 nm with (a) — time span of 2 ms and (b) — time
span of 100 ns

the c-cut Nd:YLF crystal is potentially favorable for the
construction of high-pulse-energy lasers as long as the op-
tical resonator is intricately designed to compensate for the
large negative thermal-lensing effect in the gain medium.

5. Conclusion

In summary, we have found that decreasing the ROC of
the concave mirror can usefully extend the power scale-up
for a laser in a concave-plano cavity to be influenced by a
large negative thermal lens. With this finding, we have de-
veloped a practical tactic to scale up the output power of a
compact high-pulse-energy PQS Nd: YLF laser at 1053 nm
with the Cr*T:YAG crystal as a saturable absorber. At an
incident pump power of 12.6 W, the optimum PQS laser at
1053 nm emits the maximum output power of 2.61 W with
a pulse width of 6 ns and a pulse repetition rate of 4.6 kHz.
The corresponding pulse energy and peak power are up to

www.lasphys.com

© 2012 by Astro, Ltd.



Laser Physics

630 Letters Y.J. Huang, C.Y. Tang, et al.: Power scale-up of high-pulse-energy PQS Nd:YLF laser

570 pJ and 95 kW, respectively. We further experimentally
confirmed that the negative focal length of the thermal lens
is considerably enhanced by the ETU effect in the PQS
Nd:YLF laser.
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Abstract: We improve the performance of intracavity opti-
cal parametric oscillator (IOPO) pumped by a diode-pumped
Q-switched Nd:YVO4/Cr**:YAG laser. The IOPO cavity is
formed independently by a monolithic KTP crystal that the mir-
rors are directly deposited on top of the nonlinear crystal. We
study the performances of this IOPO cavity with different re-
flectivity of the output coupler at 1.5 ym (Rs) of 80 and 50%.
The average power of 1.5 um is up to 3.3 W at the maximum
pump power of 16.8 W for both cases. The diode-to-signal con-
version efficiency is up to 20%, which is the highest one for IO-
POs to our best knowledge. At the maximum pump power, the
pulse energies are 41 pJ with the pulse width of 3 ns at a pulse
repetition rate (PRR) of 80 kHz for R =80% and 51 pJ with
the pulse width of 1.2 ns at a PRR of 65 kHz for Rs =50%, re-
spectively. The pulse amplitude fluctuations in standard devia-
tion are 2.6% for Rs =80% and 4% for R, =50%, respectively.
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Dependence of the pulse repetition rate at 1572 nm on the pump
power for different KTPs with Rs=80% (open symbol) and
s =50% (filled symbol)

(© 2012 by Astro, Ltd.

Improvement of stability and efficiency in diode-pumped
passively Q-switched intracavity optical parametric
oscillator with a monolithic cavity

J.Y. Huang, W.Z. Zhuang, Y.P. Huang, Y.J. Huang, K.W. Su, and Y.F. Chen *

Department of Electrophysics, National Chiao Tung University, Hsinchu, Taiwan

Received: 13 February 2012, Revised: 1 March 2012, Accepted: 7 March 2012

Published online: 17 April 2012

Key words: diode-pumped; passively Q-switched;intracavity optical parametric oscillator

1. Introduction

Eye-safe nanosecond 1.5—-1.6 pum pulsed lasers have a
great interest for applications such as remote sensing,
range finder, and lidar systems. The optical parametric os-
cillator is one of the promising and efficient approaches
to obtain such light sources. Compared with extracavity
optical parametric oscillators (EOPOs), intracavity opti-
cal parametric oscillators (IOPOs) have merits of lower
thresholds together with higher efficiencies through high
intracavity intensities and multiple passes of the funda-
mental field inside the optical parametric oscillator (OPO)
cavities. In the past decades, IOPOs driven by diode-

end-pumped passively Q-switched (PQS) Nd-doped crys-
tal lasers have proved an efficient and low-cost technique
to generate high-repetition-rate and high-peak-power eye-
safe lasers [1-11].

The progress of development is mainly owed to
the growth of high-damage-threshold and high-nonlinear-
coefficient nonlinear crystals such as KTiOAsO,4 (KTA)
and KTiOPO, (KTP). The nonlinear crystal based OPO
integrated with the well-developed Q-switched Nd-doped
laser makes IOPO a robust and efficient technique. In addi-
tion, the OPO cavity design is a crucial issue. We have re-
ported that the scheme of the shared OPO cavity [10] could
achieve higher amplitude stability than the coupled cavity
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Figure 1 (online color at www.lasphys.com) The schematic di-
agram of the IOPO experimental setup. HT — high transmission,
HR - high reflection, PR — partial reflection, and R.O.C. — radius
of curvature

because more longitudinal modes could be simultaneously
excited to reach OPO threshold. However, the shared cav-
ity usually leads to lower conversion efficiency than the
coupled cavity because of its longer cavity length [10].
The configuration of the coupled OPO cavity is usually
designed to share the same output coupler with the fun-
damental cavity. In the coupled cavity configuration, the
amplitude stability of the signal output is severely depen-
dent on the OPO cavity alignment because the resonator
length and the longitudinal-mode spacing are different for
the fundamental and signal beams. However, it is not capa-
ble of aligning individually the IOPO cavity and the fun-
damental cavity of the coupled cavity. The output power is
therefore very sensitive to the alignment of the shared out-
put coupler and is difficult to optimize. The power insta-
bility and the diode-to-signal conversion efficiency were
1.72% and 3.70% for an Nd:YAG/KTA laser by Zhang
et al. [1], 1.2 and 6.5% for an Nd:YAG/KTP/KTA laser
by Huang et al. [6], and 4% together with 18% for an
Nd:YVO,/KTA laser by Zhu et al. [7]. It is practically im-
portant to improve the stability and attain high efficiency
simultaneously in diode-pumped IOPOs.

In this work, we improve the stability and efficiency in
a diode-pumped Q-switched Nd:YVO,/Cr**:YAG IOPO
laser by employing mirrors to be directly deposited on top
of the KTP crystal to form an independent monolithic OPO
cavity. We study the performance of this IOPO cavity with
different reflectivity of the output coupler at 1.5 um (Ry)
of 80 and 50%. The average power of 1.5 ym was up to
3.3 W at the maximum pump power of 16.8 W for both
cases with the instability of 0.2% for R;=80% and 1%
for R =50%, respectively. The diode-to-signal conversion
efficiency that defined by the ratio of the average power of
the signal wavelength (1.5 pum) to the pump wavelength
(808 nm) is up to 20%, which is the highest one for [OPOs
to our best knowledge.

2. Experimental setup

Fig. 1 presents the schematic experimental setup. The
1064-nm resonator was formed by a plano-convex mir-
ror with radius of curvature of 100 mm and a plano-
parallel mirror. The curved mirror was coated with high-
transmission coverage (HT, T >90%) at 1.5 pm, highly
reflectivity coverage (HR, R >99.8%) at 1064 nm, and
HT coverage at 808 nm. The end plano-parallel mirror
was coated with HR coverage at 1064 nm and HT cov-
erage at 808 nm together with 1.5 pm. The gain medium
was a 12-mm-long a-cut 0.3 at.% Nd:Y VO, crystal. Both
end faces of the gain medium were deposited with an
anti-reflectivity coverage (AR, R < 0.2%) at 1064 nm. The
Cr*t:YAG crystal was 2.5-mm-long with initial transmis-
sion (Tp) of 80%. Both end facets of the Cr*t:YAG crys-
tal were also deposited with AR coverage at 1064 nm
and 1.5 pm. The gain medium and the Cr**+:YAG crys-
tal were placed as close as possible to the curved mirror
and the end plano-parallel mirror, respectively. The cav-
ity length of the 1064-nm resonator was about 100 mm.
Two KTP crystals deposited with coatings of different re-
flectivity at 1.5 pm (R5=80% and R;=50%) were em-
ployed for comparison. Both of them were 20-mm-long
and were deposited AR at 1064 nm and HR at 1.5 ym
on one face. The remaining face was deposited with a
HT coverage at 1064 nm and Rs=80% and Rs;=50% at
1.5 pm, respectively. KTP crystals were used in a type II
non-critical phase-matching (NCPM) configuration along
the x-axis (#=90° and ¢ =0°). It is worth noting that the
NCPM design is to have both a maximum effective nonlin-
ear coefficient and no walk-off between the pump, signal,
and idler beams. All the Nd:YVO,, KTP, and Cr**:YAG
crystals were wrapped with indium foil and mounted in
water-cooled copper heat sinks. The water temperature
was maintained at 20°C. Our former result [2] used a cou-
pled cavity IOPO that consists of the front mirror of the
signal wavelength (1.5 ym) deposited on one end facet of
the KTP crystal, and the shared output coupler of the fun-
damental wavelength (1064 nm) together with the signal
wavelength deposited on the Cr**:YAG. In comparison
with our previous work, we use a monolithic KTP crystal
alone served as the independent IOPO cavity and use an-
other output coupler to form the fundamental cavity in this
work. The pump source was an 808-nm and 18-W fiber-
coupled laser diode. The fiber had an 800xm core in diam-
eter and a numerical aperture of 0.2. A focusing lens with
25-mm focusing length and 95% coupling efficiency was
used to re-image the pump beam into the gain medium.

3. Experimental results and discussion

There are two criterions required to be satisfied
for realizing efficient and stable passively Q-switched
Nd:YVO?*/Cr**:YAG lasers. One is the criterion of sec-
ond Q-switching threshold that determines the quality and
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Figure 2 (online color at www.lasphys.com) Calculation results
for the dependence of the mode size ratios w1 /wp and A/As on
the pump power for the present cavity configuration

stability of Q-switched pulses [12]. The difficulty of Q-
switching a Nd:YVO, laser by a Cr*T:YAG crystal is
chiefly attributed to the cross section mismatch [11]. We
have proposed that a hemispherical cavity design is a sug-
gested solution because this cavity could increase the ra-
tio of the effective mode area at Nd:YVOy, (A) to that at
Cr*t:YAG crystals (A,) to meet the second Q-switching
criterion [11]. With the equation (14) in [12], the required
value of A/A; for the present setup was calculated to be
higher than 3. The second one named mode-to-pump ratio
is the ratio of the effective mode radius at gain medium
(w1) and that of the pump laser (wp). This criterion de-
cides the optical efficiency and the output power. The ratio
of w; to w,, is demanded to be 0.6—1.0 for pump power
higher than 10 W to reach good mode matching [13].
Fig. 2 depicts the values of wq /w, and A/A, with respect
to the pump power by use of the mode size calculation
method [14], respectively. As seen in this figure, the value
of wy /w,, is higher than 0.6 and A/A, is higher than 5 for
all pump powers. Hence the pump-to-cavity mode match-
ing and the second Q-switching criterion are satisfied si-
multaneously for this experimental setup.

Fig. 3 shows the average signal power at 1572 nm
with respect to the pump power for different KTPs with
Rs=80% (open symbol) and R, =50% (filled symbol), re-
spectively. The 808-nm pump thresholds were about 2 W.
Maximum output powers were 3.3 W for both cases. There
was no obvious power roll-off for both cases. The diode-
to-signal optical conversion efficiency was about 20%,
which is the highest conversion efficiency for IOPOs to
our best knowledge. The improvement of average power as
well as the conversion efficiency is very significant in com-
parison with our previous similar experiment [2]. Fig. 4
presents the pulse repetition rate (PRR) with respect to
the pump power for different KTPs with R;=80% (open
symbol) and R =50% (filled symbol), respectively. Both
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Figure 3 (online color at www.lasphys.com) Dependence of the
average signal power at 1572 nm on the pump power for different
KTPs with R =80% (open symbol) and R, =50% (filled sym-
bol)
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Figure 4 (online color at www.lasphys.com) Dependence of the
pulse repetition rate at 1572 nm on the pump power for different
KTPs with R; =80% (open symbol) and R =50% (filled sym-
bol)

PRRs increase nearly linearly with the pump power and
reach 80 kHz for R;=80% and 68 kHz for R,=50% at
the maximum pump power of 16.8 W, respectively. The
pulse energy versus the pump power for different KTPs
with R;=80% (open symbol) and Rs=50% (filled sym-
bol) is shown in Fig. 5. The pulse energy is obtained by
calculating the value of the average power times the in-
verse of the PRR. Both pulse energies increase with the
pump power initially and start to saturate at about 45 pJ
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Figure 5 (online color at www.lasphys.com) Dependence of the
pulse energy at 1572 nm on the pump power for different KTPs
with R, =80% (open symbol) and R, =50% (filled symbol)

under a pump power of 9 W. The photodiode does not sat-
urate because the PRR still increases with the pump power.
The pulse energy saturation could be regarded as the satis-
faction of the second Q-switching threshold.

Fig. 6 and Fig. 7 show the oscilloscope traces, those
were recorded with a LeCroy digital oscilloscope (Wave-
pro 7100, 10 G samples/sec, 1 GHz bandwidth) with a
fast InGaAs photodiode. Fig. 6 shows the typical oscillo-
scope traces of the Q-switched pulse train of both cases
at the maximum pump power. The amplitude fluctuations
in standard deviation are 2.6% for R, =80% and 4% for
R;=50%, respectively. Fig. 7 presents the oscilloscope
traces of a single pulse of the fundamental (1064 nm) and
signal (1572 nm) wave at various pump powers for (a)
Rs=80% and (b) Rs=50%, respectively. For the case of
Rs=80%, the number of satellite pulses in signal wave in-
creased with the escalating pump power. The ratio of the
pulse energy of the major pulse to that of the entire pulses
was calculated to be 10— 15% for the pump power higher
than 12 W, where the pulse width of the major pulse was
2 —3 ns. Hence the maximum peak power was estimated to
be 1 -2 kW. On the other hand, for the case of R, =50%,
the satellite pulse is not obvious for all pump powers be-
cause the conversion threshold is increased by reducing the
R, [15,16]. Noticeably, the satellite pulse is absent at the
maximum pump power. The pulse duration is about 1.2 ns
for all pump powers and the highest peak power is thus
estimated to be 43 kW. To study the average power sta-
bility of the two cases, an hour-long power fluctuation test
was demonstrated. As shown in Fig. 8, the averaged output
power was 3.34 W with a standard deviation of 6.9 mW for
R;=80% and the averaged output power was 3.3 W with
a standard deviation of 35 mW for R,=50%. The cor-
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Figure 6 (online color at www.lasphys.com) The oscilloscope
traces of a train of signal wave (1572 nm) for different KTPs
with Rs =80% (the left) and Rs =50% (the right), respectively

responding fluctuations in standard deviation are 0.2 and
1.0% for Rs =80% and R =50%, respectively.

4. Conclusions

We improve the stability and efficiency of IOPOs pumped
by a diode-pumped Q-switched Nd:YVO,/Cr*t:YAG
laser. The mirrors are directly deposited on top of the KTP
crystal to form an independent monolithic IOPO cavity
with stability and high conversion efficiency. The perfor-
mances of IOPOs with different reflectivity of the output
coupler at 1.5 um (R;) of 80 and 50% have been investi-
gated. The average power of 1.5 pm was up to 3.3 W at the
maximum pump power of 16.8 W for both cases with the
instability of 0.2% for Ry =80% and 1% for Rs =50%, re-
spectively. The diode-to-signal conversion efficiency was
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Figure 7 (online color at www.lasphys.com) The oscilloscope traces of a single pulse of fundamental (1064 nm) and signal wave
(1572 nm) at various pump powers for (a) Rs =80% and (b) R =50%, respectively

up to 20%, which is the highest one for IOPOs to our best
knowledge. At the maximum pump power, pulse energies
were 41 pJ at a PRR of 80 kHz for R =80% and 51 pJ at
a PRR of 65 kHz for R =50%, respectively. The temporal
domain showed that several satellite pulses were observed
behind a major pulse for the case of Rs=80%. Reducing
the R to 50%, satellite pulses could be suppressed effec-
tively without energy loss. The pulse train amplitude fluc-
tuation in standard deviation was slightly larger with the
lower R,. However, the peak power was remarkably en-
hanced by employing the KTP crystal with lower reflectiv-
ity of the output coupler at 1.5 pm, which is advantageous
to generate high peak power eye-safe light source. Besides,
in comparison with our previous similar experiment using
a coupled IOPO [2], performances such as average power,
conversion efficiency, and pulse energy in this work are
much better. It is believed that this high power and high
efficiency eye-safe laser could be a promising light source
in many applications.
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We investigate the parasitic lasing effect in the high-power actively Q-switched laser with a flat-flat resonator.
The parasitic lasing effect in the low-Q stage is found to lead to long tails in the output pulses, corresponding to
the peak-power reduction. We experimentally determine the shortest cavity length without the parasitic lasing
effect to optimize the performance of the high-power actively Q-switched laser with a flat-flat cavity. We further
use the optimized fundamental laser to generate green and UV lasers by extra-cavity harmonic generations. At a
pump power of 44 W, the output powers at 355 nm and 532 nm as high as 6.65 W and 8.38 W are obtained at a
pulse repetition rate of 40 kHz.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

In recent years, ultraviolet (UV) light sources have been rapidly
developed because they are useful in many applications such as
rapid prototyping, laser printing, laser processing, spectroscopy,
optical data storage, medical treatment and so on. Compared with
other UV lasers, diode-pumped all-solid-state lasers with extra-cavity
harmonic generations intrinsically possess advantages of smaller
focused size, higher efficiency, longer life time, higher stability, easier
implement and smaller system size etc [1, 2]. The acousto-optic (AO)
Q-switch is characterized by its low-insertion loss that is suitable for
repetitively Q-switched lasers [3-10]. It can provide a high-stability,
low timing jitter and large-peak-power laser operation with a contin-
uously adjustable pulse repetition rate, which is beneficial for
efficient extra-cavity harmonic generations.

The parasitic lasing means that there is residual lasing in the low-
Q stage. The parasitic lasing effect is a critical issue for scaling up the
output peak powers of the Q-switched lasers [3, 11-13]. The parasitic
lasing effect of the AO Q-switched laser usually leads to a peak-power
reduction that significantly deteriorates the performance of extra-
cavity second and third harmonic generations (SHG and THG). Al-
though lengthening the cavity length can effectively assist the diffrac-
tion loss of the AO device to suppress the parasitic lasing in the low-Q
stage, a long cavity length usually needs an intricate design to obtain
a stable resonator under the thermal lensing effect. More importantly,
longer cavity lengths always lead to longer pulse widths that also

* Corresponding author at: Department of Electrophysics, National Chiao Tung University,
1001 TA Hsueh Road, Hsinchu, Taiwan, 30050. Fax: + 886 35725230.
E-mail address: yfchen@cc.nctu.edu.tw (Y.F. Chen).

0030-4018/$ - see front matter © 2011 Elsevier B.V. All rights reserved.
doi:10.1016/j.0ptcom.2011.09.002

reduce the output peak powers. Therefore, it is practically valuable
to optimize the peak power by designing the shortest cavity length
for the AO Q-switched laser without the parasitic lasing effect.

In this work, we firstly employ a Nd:YVO, crystal with dopant con-
centration as low as 0.1 atm.% in an actively Q-switched laser to explore
the parasitic lasing effect in a flat-flat resonator. Experimental results
reveal that the parasitic lasing leads to a long tail in the Q-switched
pulse. We experimentally determine the critical cavity length without
the parasitic lasing effect as a function of incident pump power. We
also confirm that Nd:YVO, crystals with dopant concentration greater
than 0.2 atm.% are hardly serviceable in designing the high-power Q-
switched laser without parasitic lasing. Furthermore, we utilize the
optimized laser to achieve highly efficient extra-cavity harmonic gener-
ations. At a pump power of 44 W, the output powers at 532 nm and
355 nm under a pulse repetition rate of 40 kHz reach 8.38 W and
6.65 W, respectively. The optical-to-optical conversion efficiencies
from 1064 nm to 355 nm and from 808 nm to 355 nm are found to be
up to 38.2% and 15.1%, respectively. To our knowledge, this is the high-
est conversion efficiency based on the AO Q-switched laser with a flat-
flat cavity.

2. Optimization in the flat-flat AO Q-switched laser

The experimental setup is schematically shown in Fig. 1. The flat
front mirror was antireflection (AR) coated at 808 nm on the entrance
face, and was coated at 808 nm for high transmission as well as
1064 nm for high reflection on the second surface for lights with nor-
mal incidence. The flat folded mirror had the same coated character-
istics as the flat front mirror except that the angle of the incident light
was 45°. The gain medium was a 0.1 at.%» Nd:YVO, crystal with


http://dx.doi.org/10.1016/j.optcom.2011.09.002
mailto:yfchen@cc.nctu.edu.tw
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Fig. 1. Schematic of the cavity setup for a diode-pumped AO Q-switched Nd:YVOy, laser.

dimensions of 3 x 3 x 14 mm?>. Both facets of the laser crystal were AR
coated at 808 nm and 1064 nm. The laser crystal was wrapped with
indium foil and mounted in a water-cooled copper heat sink at
20 °C. A 20-mm-long AO Q-switch (NEOS technologies) with AR coat-
ing at 1064 nm on both faces was placed in the center of the cavity,
and was driven at a central frequency of 41 MHz with RF power of
25W. The pump sources were two 25-W 808-nm fiber-coupled
laser diodes with a core diameter of 800 pm and a numerical aperture
of 0.16. The pump beam was re-imaged into the laser crystal with a
lens set that has the focal length of 25 mm with a magnification of
unity and the coupling efficiency of 88%. As a result, the maximum
pump power in our experiment is approximately 44 W. The flat out-
put coupler with 50% transmission was employed during the experi-
ment. The relatively low reflectance of the output coupler is
practically helpful for the effective hold-off in the low-Q stage. The
pulse temporal behaviors were recorded by a LeCroy digital oscillo-
scope (Wavepro 7100, 10 G samples/s, 1 GHz bandwidth) with a
fast Si photodiode.

Since the parasitic lasing in the low-Q stage can be utterly sup-
pressed with increasing the cavity length in a flat-flat cavity, we
define the critical cavity length to be the shortest cavity length with-
out parasitic lasing. Fig. 2 depicts experimental results for the critical
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Fig. 2. Experimental results for the relationship between the critical cavity length and
the incident pump power.

cavity length as a function of the pump power. The critical cavity
length without parasitic lasing can be seen to increase with increasing
the incident pump power. More importantly, we experimentally
found that the parasitic lasing significantly affects the temporal
shape of the Q-switched pulse. Fig. 3(a) and (b) shows the influence
of parasitic lasing on the Q-switched pulse at the maximum pump
power of 44 W for the cavity lengths of 16 cm and 18 cm, respective-
ly. It can be seen that the Q-switched pulse is accompanied with a
long tail or a satellite pulse. In contrast, the Q-switched pulse without
parasitic lasing displays a short tail as well as no satellite pulse, as
shown in Fig. 3(c) and (d) for the cavity lengths of 20 cm and
22 cm, respectively.

The long tail of Q-switched pulses induced by parasitic lasing
implies the reduction of the peak power. The degree of the peak-
power reduction can be simply analyzed with the rate equation.
Assume the average photon density caused by parasitic lasing to be
oy, the rate equation for the population inversion density n in the
low-Q stage can be described as

dn n
E:Rp_;_co-qbbnv (1)
where R, is the rate of the pump density, 7 is the upper-state lifetime
of laser crystal, c is the speed of light, o is the stimulated emission

cross section. With 7, = 1/codp, Eq. (1) can be rewritten as

dn n
=R @)
where 1/7,=1/7+1/7, and 7. represents the effective upper-state
lifetime with parasitic lasing. 7 is clear to be smaller than 7. Since
the amount of the maximum stored energy is proportional to the
upper-state lifetime, the parasitic lasing can be comprehended to
cause a reduction in the pulse energy and peak power. To be brief,
the parasitic lasing scarcely affects the average output power but
has a detrimental effect on the peak power.

As shown in Fig. 2, the critical cavity length is approximately
20 cm for the maximum pump power of 44 W. With the ABCD-matrix
theory, it can be derived that the cavity length L of a stable flat-flat
resonator should be shorter than the thermal focal length f;;,; namely,
the criterion of L<f;;, must be satisfied to maintain the cavity stable.
Since the thermal focal length of the laser crystal can be verified to
be inversely proportional to the dopant concentration, the criterion
of L<fy, signifies the importance of using a Nd:YVO, crystal with
extremely low dopant concentration. The effective focal length of
thermal lens in the end-pumped laser crystal can be analyzed with
the following equation [14]:

1 &P ae ™ 1 [ldn B ©,(2)
fo MK 1—e=lwl(z) zar " her

dz, 3)

where § is the fraction of incident pump power that results in heat, P
is the absorbed pump power, K. is the thermal conductivity of laser
crystal, « is the absorption coefficient, wpy(z) is the variation of
pump radius, dn/dT is the thermal-optic coefficient, n is the refractive
index, ar is the thermal expansion coefficient, and [ is the length of
gain medium. With the following parameters: K.=5.23 W/mK,
0o =400 um, dn/dT=3x10°K", n=2.1652, ar=4.43x10°K",
we calculated the effective thermal focal length f;; as a function of
the Nd dopant concentration of laser crystal at the incident pump
power of 44 W. In the present calculation, the crystal length [ is relat-
ed to the absorption coefficient v with the condition of al=4 for
pump absorption of 98%. Note that the relation between the absorp-
tion coefficient o and the Nd dopant concentration of laser crystal
for a pump wavelength of 808 nm is given by a=2-N; mm™! [15],
where Ny is the Nd dopant concentration in units of atomic %. Fig. 4
depicts the calculated results ranging from Ny=0.05% to Ny=1% at



Y.,J. Huang et al. / Optics Communications 285 (2012) 59-63 61

(@) =16 cm 100 ns/div

100 ns/div

(b) L=i8 cm

W

e 0

(€) L=20cm 100 ns/div

(d) =22 cm 100 ns/div

5

Fig. 3. Temporal behaviors of the Q-switched pulses with different cavity lengths L: (a) L=16 cm; (b) L=18 cm; (c) L=20 cm; (d) L=22 cm.

a pump power of 44 W. It can be seen that the smaller the Nd dopant
concentration, the longer the thermal focal length. Moreover, the Nd:
YVO, crystal with dopant concentration greater than 0.2 atm.% can-
not comply with the requirement of L<f;;, where L=20cm is
employed to suppress the parasitic lasing at a pump power of 44 W.
To sum up, using a Nd:YVO, crystal with extremely low dopant
concentration is a promising way to simultaneously suppress the par-
asitic lasing and maintain a stable flat-flat resonator in high-power Q-
switched lasers.

With the cavity length of 20 cm, we make a thorough evaluation
for the performance of Q-switched operation. Fig. 5 shows the output
power and pulse width as a function of the incident pump power at
the pulse repetition rate of 40 kHz. At a pump power of 44 W, the
average output power of 17.5 W was obtained without any signature
of output power saturation, indicating the cavity to remain in a stable
region. For the pump power increasing from 16 W to 44 W, the pulse
width can be seen to decrease from 36 ns to 12 ns. Fig. 6(a) and (b)
illustrates the dependences of average output power, pulse width,
pulse energy and peak power on the pulse repetition rate at a pump
power of 44 W. It can be seen that with increasing the pulse repeti-
tion rate from 20 kHz to 100 kHz, the average output power increases
from 13 W to 19.4 W and the pulse duration smoothly varies from
8 ns to 24 ns. Accordingly, it can be found that when the pulse repe-
tition rate increases from 20kHz to 100 kHz, the pulse energy
changes from 650 to 1941 and the peak power varies from
81.5 kW to 8.1 kW. In the following section, we employ this compact

400
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Thermal focal length f;;, (mm)
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Fig. 4. Calculated results for the thermal focal length as a function of the Nd dopant
concentration of laser crystal at a pump power of 44 W.

high-power actively Q-switched laser to investigate the performance
of the extra-cavity SHG and THG.

3. Performance of extra-cavity SHG and THG

Here lithium triborate (LBO) crystals are exploited as nonlinear
frequency converters for SHG and THG since they have the advan-
tages of high damage threshold, relatively large acceptance angle,
and small walk-off angle. One LBO crystal with dimensions of
3x3x 15 mm?> was cut at 6 =90°, ¢ = 10.4° for type-I phase-matched
SHG at a temperature of 46.6 °C. Both facets of the SHG crystal were
AR coated at 1064 nm and 532 nm. Another LBO crystal with dimen-
sions of 3x 3 x 10 mm? was cut at 6 =44°, ¢ =90° for type-II phase-
matched THG at a temperature of 48 °C. Both facets of the THG crystal
were AR coated at 1064 nm, 532 nm, and 355 nm. The temperatures
of the SHG and THG nonlinear crystals were monitored by thermo-
electric controllers with the precision of 0.1 °C. Two convex lenses
were used to focus the laser beams into the SHG and THG nonlinear
crystals for achieving efficient harmonic generations. The former
one with focal length of 38 mm was AR coated at 1064 nm on both
sides, the latter one with focal length of 19 mm was AR coated at
1064 nm and 532 nm on both sides. The optimized geometrical dis-
tances of Ly, L, L3 and L, indicated in Fig. 7 were experimentally de-
termined to be approximately 70 mm, 43 mm, 34 mm, and 21 mm,
respectively.
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Fig. 5. Output power (red) and pulse width (green) versus the pump power at a pulse
repetition rate of 40 kHz.
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At a pump power of 44 W, the output power, the pulse energy, and
the peak power at 532 nm and 355 nm versus the pulse repetition rate
are shown in Fig. 8(a)-(c), respectively. Although the conversion effi-
ciency of harmonic generations increases with decreasing the pulse
repetition rate, the average output power at 1064 nm is proportional
to the pulse repetition rate in the range of 20-50 kHz. As a result, the
highest average output powers for extra-cavity SHG and THG are
found to be approximately at a pulse repetition rate of 40 kHz and
their values at 532 nm and 355 nm are 8.38 W and 6.65 W, respectively.
The corresponding optical-to-optical conversion efficiencies from
808 nm to 355 nm and 1064 nm to 355 nm are up to 15.1% and 38.2%,
respectively. On the other hand, at a pulse repetition rate of 20 kHz
the largest pulse energy and the highest peak power at 532 nm are
found to be 270 and 30 kW, respectively. Similarly, at a pulse
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repetition rate of 20 kHz the largest pulse energy and the highest peak
power at 355 nm are found to be 200 J and 22 kW, respectively. With
a knife-edge method, the beam quality factors for orthogonal direction

I N |
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| AO Q-switched < ' i -d
Nd:YVOq,laser 1 || I
Dy st ) b e [ [
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. ]
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——> —r—>
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Fig. 7. Schematic of the experimental setup for the extra-cavity SHG and THG.
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were measured to be M2<1.2 and M§< 1.3. To manifest the influence of
parasitic lasing on the extra-cavity harmonic generations, the Q-
switched laser with L =16 cm was also employed to perform the pro-
cess of SHG and THG. Experimental results reveal that even though
the average output power at 1064 nm obtained with L =16 cm s nearly
the same as that obtained with L =20 cm, the average output powers at
SHG and THG obtained with L =16 cm were found to be 15-25% lower
than the results obtained with L= 20 cm. The lower conversion effi-
ciencies obtained with L =16 cm confirm that the parasitic lasing effect
leads to the peak-power reduction in Q-switched lasers.

4. Conclusion

In summary, we have explored the parasitic lasing effect in an ac-
tively Q-switched laser with a flat-flat resonator and a 0.1 atm.% Nd:
YVO, crystal. Experimental results revealed that the critical cavity
length without parasitic lasing was proportional to the pump
power. The parasitic lasing effect was also found to lead to a long
tail in the Q-switched pulse, corresponding to a reduction in the
peak power. We manifestly disclosed that the combined effects of
the parasitic lasing and the thermal lensing made Nd:YVO, crystals
with dopant concentration greater than 0.2 atm.% to be problematical
in designing the high-power Q-switched laser with a flat-flat cavity.
We further employed the optimized high-power Q-switched laser
without parasitic lasing to achieve highly efficient extra-cavity har-
monic generations. At a pump power of 44 W, the output powers at
355 nm and 532 nm as high as 6.65 W and 8.38 W are obtained at
the pulse repetition rate of 40 kHz. The optical-to-optical conversion
efficiencies from 1064 nm to 355 nm and 808 nm to 355 nm are up
to 38.2% and 15.1%, respectively.
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Abstract We present a compact efficient scheme for gener-
ation of high-order Laguerre-Gaussian TEM, o modes in a
diode-pumped actively Q-switched Nd:YVOy laser. The res-
onator is composed of two plane mirrors with an intracavity
concave lens to expand the cavity mode size for generating
a high-power Laguerre-Gaussian TEM5 (o mode. We further
confirm that the TEM5 o mode is noticeably superior to the
TEMj, ¢ mode in the processes of second and third harmonic
generations.

1 Introduction

In recent years, ultraviolet (UV) light sources have rapidly
attracted a lot of interest because they are useful in numer-
ous applications such as rapid prototyping, laser printing,
laser processing, spectroscopy, optical data storage, med-
ical treatment and so on. Compared with other UV lasers,
diode-pumped all-solid-state lasers with extra-cavity non-
linear frequency conversion intrinsically possess advantages
of smaller focused size, higher efficiency, longer life time,
higher stability, easier implementation and smaller system
size, etc. [1, 2]. Currently, the fundamental Gaussian modes
are usually used in the processes of second and third har-
monic generations (SHG and THG) because of the good spa-
tial property [3, 4].

In cylindrical coordinates, the transverse modes can be
expressed in terms of Laguerre—Gaussian modes with the la-
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bel of TEM,, ;, where p and [ represent the number of radial
nodes and azimuthal nodes, respectively. In the past years,
several investigations have been carried out to generate low-
and higher-order TEM, ; modes in solid-state lasers [5-11].
Among these studies, TEM,; modes with p #0 and [ =0
have been demonstrated [5, 12] to be similar to the Bessel-
like beam that possesses a central peak with a divergence
considerably lower than that of the Gaussian beam with the
same waist [13—17]. Bessel-like modes have already been
utilized as light sources in lithographic patterning, laser ma-
chining, and nonlinear optics [18-22]. However, so far high-
order Laguerre—Gaussian TEM , o modes have not been em-
ployed in processes of SHG and THG.

In this work, we originally design a compact three-
element resonator to excite high-order Laguerre-Gaussian
TEM, o modes in a diode-pumped actively Q-switched
Nd:YVOyq laser. We use flat-flat cavity with an intra-cavity
concave lens to expand the cavity mode size for efficiently
generating the Laguerre—Gaussian TEMs ¢ mode with the
output power up to 8.52 W at a pulse repetition rate of
40 kHz. We experimentally confirm that the conversion ef-
ficiencies in the processes of SHG and THG obtained with
the TEM5 o mode are noticeably higher than the results ob-
tained with the TEMp o mode. The optical-to-optical con-
version efficiencies from 1064 nm to 355 nm are found to be
35.6% and 28.1% for the TEMs o mode and TEMg o mode,
respectively.

2 Cavity configuration and analysis

The radial intensity of the Laguerre-Gaussian TEM,
modes is given by
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Fig. 1 Schematic of the cavity
setup for a diode-pumped AO
Q-switched Nd:YVOy laser

Laser diode

Coupling lens

C2pl 1 (22 (20
Tl 2 = I w2 (w(z)z) L”<w<2>2>

2
2 } )

X exp[ w (Z)z

where w(z) = wov/ 1 + (z/z8)?%, wo is the beam radius at the
waist, and zg = nw(z)/k is the Rayleigh range, and Llp(-)
are the associated Laguerre polynomials. Flood et al. [5]
demonstrated that high-order Laguerre-Gaussian TEM,, o
modes could be generated in an end-pumped solid-state
laser when the pump spot size @, was considerably smaller
than the fundamental TEMy o-mode spot size w, of the
cavity, i.e., wo/wp > 1. Although the pump beams can be
tightly focused to reach the criterion of w,/w), > 1, the tight
focusing of pump beam inevitably causes strong thermal ef-
fects such as thermal lensing, thermal fracture, etc., leading
to the obstruction for the power scale-up. Therefore, a prac-
tical way is to expand the cavity mode size without tight
focusing of the pump beam. Here, we design a compact effi-
cient three-element resonator, consisting of a flat front mir-
ror, a concave lens and a flat output coupler, to obtain large
fundamental mode sizes.

Figure 1 shows the configuration of the three-element
cavity for an end-pumped acousto-optic (AO) solid-state
laser, where L is the distance between the front mirror and
the concave lens, L, is the distance between the concave
lens and the flat output coupler, and f is the focal length
of the concave lens. The flat front mirror was antireflec-
tion (AR) coated at 808 nm on the entrance face and was
coated at 808 nm for high transmission as well as 1064 nm
for high reflection (HR) on the second surface. The gain
medium was a 0.1 at.% Nd:YVOy crystal with dimensions
of 3 x 3 x 12 mm? and was located to be adjacent the front
mirror for convenience of end-pumping scheme. Both facets
of the laser crystal were AR coated at 808 nm and 1064 nm.
The laser crystal was wrapped with indium foil and mounted
in a water-cooled copper heat sink at 20°C. Although us-
ing the laser crystal with the HR-AR coating is preferable
for more compact configuration, we use a separate front

@ Springer
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mirror and the AR-AR coated laser crystal in the present
setup because of the availability of experimental compo-
nents. A concave lens with AR coating at 1064 nm on both
faces was placed just behind the laser crystal. A 20-mm-
long AO Q-switch (NEOS technologies) with AR coating at
1064 nm on both faces was placed in the center of the cav-
ity and was driven at a central frequency of 41 MHz with
RF power of 25 W. The pump source was a 30-W 808-nm
fiber-coupled laser diode with a core diameter of 600 um
and a numerical aperture of 0.16. The pump beam was reim-
aged into the laser crystal with a lens set that has the focal
length of 25 mm with a magnification of unity and the cou-
pling efficiency of 90%. As mentioned earlier, the use of
the relatively large pump radius is beneficial for power scal-
ing with the avoidance of serious thermal problems. The flat
output coupler with 50% transmission was employed dur-
ing the experiment. For constructing a compact Q-switched
laser, we set the optical cavity length to be | =20 mm and
Ly =120 mm.

The effective focal length of the thermal lens in a
Nd:YVOq crystal could be expressed as [23]:

1 £ [l ae™ 1

fon wKeJo 1—e w2 (2)

1dn
X [Eﬁ + - 1)Otrwp(z)/l} dz, ()
where & is the fraction of pump power that results in heat, K,
is the thermal conductivity of the laser material, « is the ab-
sorption coefficient, n is the refractive index, [ is the length
of the gain medium, dn/dT is the thermal-optic coefficient,
ar is the thermal expansion coefficient, and w,(z) is the
variation of the pump radius. With the following parameters:
K.=523WmK,a=02mm™!, n=2.1652,/ = 12 mm,
dn/dT =3 x 107 K1, ar = 4.43 x 1079 K~!, the ef-
fective focal length of thermal lens was estimated to be ap-
proximately fi =220 mm at a pump power of 25 W. We
then use the ABCD-matrix method to calculate the cavity
mode size at the front mirror as a function of the effective
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thermal focal length for a given focal length of the concave
lens. Figure 2 depicts the calculated results for the four cases
of f = —200 mm, —300 mm, —400 mm, and —oco. Note
that the case of f = —oo means the cavity without the con-
cave lens. As seen in Fig. 2, the cavity mode size without a
concave lens is approximately equal to the pump spot size.
Although a concave lens can effectively enlarge the cavity
mode size in some regime, the cavity needs an appropriate
thermal focal length to step into the stable region. With the
ABCD-matrix theory, we can find that the stable region is
given by

f2
24 Ll — (L +Lz)f}
< fn < (L1 — f). 3)

(Ll_f)[l

The thermal focal length in the present setup approximately
changes from 320 mm to 220 mm for the pump power in-
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Fig. 2 Calculated results for the ratio of cavity mode size at the front

mirror to pump size as a function of the effective thermal focal length
for the cases of f = —200 mm, —300 mm, —400 mm, and —oo

creasing from 10 W to 25 W. As aresult, we chose a concave
lens with f = —300 mm to meet the range of the thermal fo-
cal length.

3 High-order Laguerre-Gaussian TEM, o modes

First of all, the laser experiment for the standard flat-flat cav-
ity without a concave lens was performed to measure the
transverse pattern as a baseline for comparison. To record
the transverse profiles of the different structure, the laser
output was directly projected on a screen at a distance of
approximately 1220 mm behind the output coupler and the
scattered light was captured by a digital camera. As seen in
Fig. 3(a), the transverse mode in the resonator without a con-
cave lens is a pure fundamental TEMp o mode. Figure 3(b)
depicts the experimental transverse pattern observed in the
laser cavity with a concave lens of f = —300 mm at a
pump power of 25 W. It can be seen that the spatial dis-
tribution displays the lasing mode to be dominated by a
Laguerre—Gaussian TEM5 (o mode with negligible funda-
mental Gaussian mode. When the pump radius was changed
from 300 um to 100 um, we found that the dominated trans-
verse mode varied from TEMs o mode to TEMg o mode, as
shown in Fig. 3(c). In short, we have experimentally con-
firmed the proportionality between the transverse order and
the ratio w, /), but the detailed theoretical analysis of the
dependence of the transverse order on the ratio w,/w, is
beyond the scope of this work.

As found by Flood et al. [5], we confirmed that the ex-
perimental Laguerre—Gaussian TEM5 o mode has a central
peak with a divergence considerably lower than that of a
TEMjy,o mode with the same waist. This observation indi-
cates that the experimental TEM5 (o mode might be benefi-
cial for the achievement of the higher frequency conversion
efficiency in processes of SHG and THG. Before investigat-
ing the conversion efficiency in nonlinear optics, we make

Fig. 3 Experimental transverse mode patterns of (a) TEMgg mode
without a concave lens at a pump power of 25 W; (b) TEM;s ¢ mode
with a concave lens (f = —300 mm) and a pump radius of 300 um
at a pump power of 25 W; (¢) TEMg( mode with a concave lens

(f = —300 mm) and a pump radius of 100 um at a pump power of
25 W. The patterns were measured at a distance of approximately
1220 mm behind the output coupler
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a comparison of the laser performances of the cavities with
and without the concave lens. Figure 4 shows the average
output power as a function of the incident pump power for
both configurations operating at a pulse repetition rate of
40 kHz. The cavity with the concave lens has a considerably
lager pump threshold because the thermal focal power of
the crystal should be greater than (L — f)~! to result in the
cavity to be stable. At a pump power of 25 W, the maximum
average output powers at a repetition rate of 40 kHz were
8.52 W and 8.76 W for the cavities with and without con-
cave lens. In other words, the difference of the maximum av-
erage output power between both cavity configurations was
rather small. Figure 5 depicts the dependence of the average
output powers, pulse energies and peak powers on the pulse
repetition rate at a pump power of 25 W for both cavity con-
figurations. On the whole, the average output power of the
cavity with a concave lens was smaller than that of the cavity
without a concave lens by approximately 5-10%, as shown
in Fig. 5(a). The pulse temporal behavior was recorded by a
LeCroy digital oscilloscope (Wavepro 7100, 10 G samples/s,
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Fig. 4 Average output power at a repetition rate of 40 kHz as a func-
tion of the incident pump power for the cavities with and without the
concave lens

1 GHz bandwidth) with a fast Si photodiode. The pulse du-
rations for both configurations were experimentally found
nearly the same. With increasing the pulse repetition rate
from 20 kHz to 80 kHz, the pulse duration was found to vary
from 7 to 16 ns. As a result, the pulse energy and the peak
power obtained with a concave lens were generally smaller
than the results obtained without a concave lens, as shown
in Fig. 5(b) and 5(c). In the following section, we make a
comparison of the high-order TEM5 ¢ mode and the funda-
mental TEMy ¢ mode in the processes of extra-cavity SHG
and THG.

4 Conversion efficiencies of extra-cavity SHG and THG

Here lithium triborate (LBO) crystals are exploited as non-
linear frequency converters for SHG and THG since they
have the advantages of high damage threshold, relatively
large acceptance angle, and small walk-off angle. One LBO
crystal with dimensions of 3 x 3 x 15 mm® was cut at
6 =90°, ¢ = 10.4° for type-I phase-matched SHG at tem-
perature of 46.6°C. Both facets of the SHG crystal were
AR coated at 1064 nm and 532 nm. Another LBO crystal
with dimensions of 3 x 3 x 10 mm?> was cut at § = 44°,
@ = 90° for type-II phase-matched THG at temperature of
48°C. Both facets of the THG crystal were AR coated at
1064 nm, 532 nm, and 355 nm. The temperatures of the
SHG and THG nonlinear crystals were monitored by ther-
moelectric controllers with the precision of 0.1°C. Two con-
vex lenses were used to focus the laser beams into the SHG
and THG nonlinear crystals for achieving efficient nonlinear
conversion. The former one with focal length of 38 mm was
AR coated at 1064 nm on both sides, the latter one with focal
length of 19 mm was AR coated at 1064 nm and 532 nm on
both sides. The optimized geometrical distances of L3, L4,
Ls, and L¢ indicated in Fig. 6 were experimentally found
to be approximately 70 mm, 30 mm, 25 mm, and 30 mm,
respectively.

E 11 — 30— s 0

é T ;:Zgz::g; W;::()C(’t“cc;::ale:iens 3 a —e— resonator with concave lens 4, e —e— resonator with concave lens

g 10+ without v 4 é 300 + #— resonator without concave lens g 40 F #— resonator without concave lens -
g 9t 1 S 250+ 1 8 30¢ 1
2 < =

2 gt 1 B 200t 1 Z 20} 1
Z 5 5

! 5 2

° 7Tr B 150 + 1 210t 1
o 2 <

5 z 5

S 6 ¢ . . . . . . & 100 e [} .

< 10 20 30 40 50 60 70 80 90 10 20 30 40 50 60 70 80 90 10 20 30 40 50 60 70 80 90
a Pulse repetition rate (kHz) b Pulse repetition rate (kHz) [ Pulse repetition rate (kHz)

Fig. 5 Dependence of the (a) average output power, (b) pulse energy, and (c¢) peak power on the pulse repetition rate at a pump power of 25 W

for the cavities with and without the concave lens
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Fig. 7 Harmonic generation performances: (a) average output power,
(b) pulse energy, (c) peak power at 532 nm; and (d) average output
power, (e) pulse energy, (f) peak power at 355 nm versus the pulse

At a pump power of 25 W, the maximum output powers,
pulse energies, and peak powers at 532 nm and 355 nm ver-
sus the pulse repetition rate for the high-order TEMs o mode
and the fundamental TEMg ¢ mode are shown in Fig. 7, re-
spectively. Note that, as shown in Fig. 5, the average power
at 1064 nm of the TEM5 ¢ mode is 5-10% lower than that
of the fundamental TEMp o mode. However, it is intrigu-
ing that the conversion efficiencies in the processes of SHG
and THG obtained with the TEMs ¢ mode are noticeably
higher than the results obtained with the TEMg o mode, as
illustrated in Fig. 7(a) and (d). At a pulse repetition rate of
40 kHz, the maximum output power at 355 nm obtained with
the TEM5 ¢ mode was 3.1 W; the optical-to-optical conver-
sion efficiencies were 35.6% (from 1064 nm to 355 nm) and
12.4% (from 808 nm to 355 nm), respectively. On the other
hand, the maximum output power at 355 nm obtained with
the TEM,o mode was 2.45 W; the optical-to-optical con-
version efficiencies were 28.1% (from 1064 nm to 355 nm)
and 9.8% (from 808 nm to 355 nm), respectively. Based on
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repetition rate at a pump power of 25 W for the high-order TEMs ¢
mode and the fundamental TEMg o mode

the calculated results for the case of f = —oo in Fig. 2,
the mode radius of the TEMp o mode is about 300 pm.
A Rayleigh range of such a TEMg o beam is estimated to
be 26.6 cm, so the divergence of the beam would be rather
low. However, we experimentally found that the superiority
of the TEM5 ¢ mode over the fundamental TEMp o mode in
the processes of extra-cavity SHG and THG. This experi-
mental observation is regard as a result of the considerable
narrowness of the central peak of the high-order Laguerre—
Gaussian TEM, o mode than that of the Gaussian beam.

It is worthwhile to mention that although the genera-
tion of high-order Laguerre-Gaussian TEM, ¢ modes in a
Q-switched laser has been reported with the other method
[9], our experimental setup intrinsically owns the advan-
tages of compactness, simplicity and is potentially bene-
ficial for power scaling. In comparison with [5], expand-
ing the cavity mode size instead of tight focusing of the
pump beam can remarkably relieve the thermal problems
under high-power operation. Furthermore, the application
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of high-order Laguerre—Gaussian modes in the process of
extra-cavity SHG and THG was investigated for the first
time and we experimentally found the TEM, o mode is no-
ticeably superior to the TEM( ¢ mode in the harmonic gen-
eration process.

5 Conclusion

In summary, we have successfully designed a compact res-
onator to generate high-power Laguerre-Gaussian TEMs o
mode. The resonator is composed of two plane mirrors with
an intra-cavity concave lens to expand the cavity mode size.
At a pump power of 25 W, the average output power for
the Laguerre—Gaussian TEMs o mode was found to be up
to 8.52 W at a pulse repetition rate of 40 kHz. Furthermore,
we experimentally verify that the TEM5 ¢ mode is conspicu-
ously superior to the TEMy, o mode in the processes of SHG
and THG. At an incident pump power of 25 W at 808 nm and
a repetition rate of 40 kHz, the maximum output powers at
355 nm obtained with the TEM5 o mode and TEMy o mode
were 3.1 W and 2.45 W, respectively. The optical-to-optical
conversion efficiencies from 1064 nm to 355 nm were found
to be 35.6% and 28.1% for the TEM5 ¢ mode and TEM o
mode, respectively.
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Abstract—We report on a high-power diode-end-pumped self-mode-locked Nd:LuVO, laser with the pulse
repetition rate up to 9.52 GHz for the first time. The large third-order nonlinearity of the Nd:LuVO, crystal
is exploited to efficiently achieve a fairly stable self-mode-locked operation without any additional compo-
nents. The detailed characteristics of the compact efficient self-mode-locked laser are experimentally inves-
tigated and theoretically analyzed. With the incident pump power of 2.6 W, the average output power up to
0.54 W is generated with the pulse width of 7.9 ps at the pulse repetition rate of 9.52 GHz.
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1. INTRODUCTION

In recent years, high-repetition-rate laser sources
have been rapidly developed since they are useful in a
verity of applications that include optical frequency
combs, low-noise microwave sources, high-speed
optical sampling, optical clocking, ultrafast spectros-
copy, particle accelerators, high-capacity telecommu-
nication systems, frequency metrology, etc. [1—3]. In
comparison with other techniques, diode-pumped
mode-locked solid-state laser intrinsically possesses
the advantages of high average output power, low cost,
compactness, long-term stability, and excellent timing
jitter that is favorable for accomplishing the high-rep-
etition-rate operation. Among numerous mode-
locked methods, the phenomenon of self mode lock-
ing in laser resonator is of greatly scientific interest
because it does not need any additional nonlinearities
except the gain medium to obtain the short pulses.
According to several theoretical studies and experi-
mental investigations, the origin of the self mode lock-
ing is regarded as a result of the combination tone of
the third-order nonlinearity of the gain medium that
could compensate for the dispersion effect caused by
the multimode oscillation [4—11]. As a result, the rel-
ative compactness and simplicity of the self-mode-
locked mechanism is potentially suitable for achieving
the mode-locked lasers with high repetition rates.

Nd-doped vanadate crystals, such as Nd:YVO, and
Nd:GdVO,, are extensively studied owing to their high
absorption coefficients for diode pumping, large stim-
ulated emission cross sections, and constantly polar-
ized outputs due to natural birefringence [12—15].
Previous studies also manifested that YVO, and
GdVO, crystals have attractive ¥ nonlinear proper-
ties [16, 17] that have been exploited for efficient stim-
ulated Raman scattering conversions [18—26]. Fur-

! The article is published in the original.

thermore, it has also been demonstrated that the large
third-order nonlinearities of the Nd vanadate crystals
could be employed to achieve a fairly stable self-
mode-locked operation with several gigahertz (GHz)
repetition rates [27—30]. Recently, a new member of
the vanadate family, known as Nd:LuVO,, was pro-
posed as a promising laser crystal for diode pumping
[31—40]. Its absorption and emission cross section
have been determined to be greater than those of other
Nd vanadate crystals. More importantly, it has been
proved to possess a large third-order nonlinearity [41]
and diode-pumped Nd:LuVO, self-Raman lasers have
been successfully demonstrated either in continuous-
wave (CW) or pulsed operation [42, 43]. However, so
far there is no any reports on the self-mode-locked
performance of the Nd:LuVO, crystal to the best of
our knowledge.

In this letter, we report on a high-power diode-end-
pumped self-mode-locked Nd:LuVO, laser with the
pulse repetition rate up to 9.52 GHz for the first time.
The large third-order nonlinearity of the Nd:LuVO,
crystal is exploited to efficiently achieve a fairly stable
self-mode-locked operation without any additional
components. The detailed characteristics of the com-
pact efficient self-mode-locked laser are experimen-
tally investigated and theoretically analyzed. With the
incident pump power of 2.6 W, the average output
power up to 0.54 W is generated with the pulse width
of 7.9 ps at the pulse repetition rate of 9.52 GHz.

2. EXPERIMENTAL SETUP

The experimental setup is schematically shown in
Fig. 1. The concave input mirror had a radius of cur-
vature of 500 mm. It was antireflection (AR) coated at
808 nm on the entrance face, and was coated at
808 nm for high transmission as well as 1064 nm for
high reflection on the second surface. The gain
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~9 mm

Fig. 1. Schematic of a diode-end-pumped self-mode-locked Nd:LuVO, laser.

medium was an a-cut 0.5 at % Nd:LuVO, crystal with

dimensions of 3 x 3 x § mm?. Both facets of the laser
crystal were AR coated at 808 nm as well as 1064 nm
and wedged 1° to avoid the Fabry—Perot etalon effect.
The laser crystal was wrapped with indium foil and
mounted in a water-cooled copper heat sink at 20°C.
A flat wedged output coupler with 15% transmission at
1064 nm was used during the experiment. The pump
source was a 3-W 808-nm fiber-coupled laser diode
with a core diameter of 100 pm and a numerical aper-
ture of 0.16. The pump radius of 60 pm was re-imaged
into the laser crystal by a lens unit, which has the focal
length of 25 mm with the coupling efficiency of 90%.

The optical cavity length [, was adjusted to be

around 15 mm, corresponding to the free spectral
range of 10 GHz. The fundamental mode radius on
the laser crystal was calculated to be 150 pum by the use
of ABCD matrix method.
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Fig. 2. The dependence of the average output power on the
incident pump power for the self-mode-locked Nd:LuVO,
laser.
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A high-speed InGaAs photodetector with rise time
of 35 ps and a digital oscilloscope (Agilent, DSO
80000) with electrical bandwidth of 12 GHz as well as
sampling rate of 25 ps were employed to observe the
real-time temporal dynamics. The photodetector was
also connected to a radio-frequency (RF) spectrum
analyzer (ROHDE & SCHWARZ, FSEK30) with
bandwidth of 40 GHz to analyze the output signal.
The spectral information of the laser was monitored by
a Fourier optical spectrum analyzer (Advantest,
Q8347) that is constructed with a Michelson interfer-
ometer with resolution of 0.003 nm. The fine structure
of the mode-locked pulses was measured with the help
of the commercial autocorrelator (APE pulse check,
Angewandte Physik and Elektronik GmbH).

3. RESULTS AND DISCUSSIONS

First of all, the laser cavity was aligned to obtain the
maximum output power. Under this circumstance, the
pulse train was found to exhibit a spontaneous mode
locking with small amplitude fluctuation and CW
background. With the fine-tuning of the cavity align-
ment, the temporal behavior was transformed into a
nearly perfect mode-locked state without any CW
background. The observation of the present configura-
tion is nearly the same as the recent investigations of
the self mode locking on Nd-doped lasers and fiber
lasers [11, 27—30]. The average output power of the
stable mode locking was experimentally found to be
approximately 90% of the maximum average output
power. Figure 2 shows the dependence of the average
output power on the incident pump power for the sta-
ble mode-locked operation at the pulse repetition rate
0f 9.52 GHz. The laser pump threshold is 0.14 W and
the maximum output power reaches 0.54 W at the
incident pump power of 2.6 W. Note that the stable
mode-locked state could always be generated as long
as the incident pump power was beyond the laser
pump threshold. Figure 3 shows the temporal behav-
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Fig. 3. Pulse trains on two different timescales: (a) time span of 200 ns, demonstrating amplitude stability; (b) time span of 2 ns,
demonstrating the mode-locked pulses and the separation between neighboring pulses.
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Fig. 4. RF spectrum for the self-mode-locked Nd:LuVOy, laser: (a) span of 40 MHz, illustrating the fundamental harmonic at 9.52
GHz; (b) span of 25 GHz, illustrating the locations of the first two harmonics.

iors of the self-mode-locked laser with two different
time scales at the incident pump power of 2.6 W and
the pulse repetition rate of 9.52 GHz. The fluctuation
of amplitude stability is found to be less than 3% dur-
ing day-long operation, as shown in Fig. 3a with time
span of 200 ns. Figure 3b illustrates the pulse shapes
with time span of 2 ns, and the separation between two
neighboring pulses is roughly 105 ps that corresponds
to the roundtrip time of the resonator. However, it is
obvious that the detailed pulse shape could not be
clearly resolved due to the limited bandwidth of a dig-
ital oscilloscope.

To confirm the stability of the self-mode-locked
Nd:LuVO, laser, the RF spectrum is measured in
Fig. 4, in which the fundamental harmonic is located
at 9.52 GHz and the second harmonic is found to be
approximately 19 GHz. It can be seen that the peak of
the fundamental harmonic is 40 dBm above the back-
ground level and the relaxation oscillation sidebands
are negligibly observable, as shown in Fig. 4a. The rel-
ative frequency deviation of the fundamental har-
monic, Av/v, is approximately 10~ over day-long
operation, where v is the center frequency of the fun-
damental harmonic and Av is the frequency deviation
in terms of the full width at half maximum (FWHM)
and is inferred from the beat note spectrum. The opti-
cal spectrum with the FWHM width of 0.271 nm and
the central wavelength of 1065.83 nm is depicted in

Fig. 5a, where the number of lasing longitudinal
modes in the self-mode-locked Nd:LuVO, laser could
be definitely determined to be nine. It is well known
that the maximum number of lasing longitudinal
modes N, that can oscillate in a optical cavity is
determined from the condition that the effective
round-trip gain is not less than the round-trip loss.
With mode-locked states as a basis, we have recently
derived an analytical formula to precisely estimate the
maximum number of longitudinal modes in terms of
the cavity geometry and well-known material parame-
ters, which is given by [44]:

d+1,

{ alfa'l } .[ cos ' (k2)gn(z)e “ dz
(I-e )]

) [ln@ ' LLPE.;[VQ@;? op]’

7[an/21cav]2
+

7[N (lcav7 )/ZIcav]2 .
where gy(z) = e et , Iy is the

geometrical cavity length, o is the absorption coeffi-
cient, /, is the crystal length, d is the separation
between the input mirror and the laser crystal, k is the
wavenumber, R is the reflectivity of the output coupler,
L is the round-trip loss, # is the planck constant, v, is
the pump frequency, c is the stimulated emission cross
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Fig. 5. (a) Optical spectrum of the output pulses for the self-mode-locked Nd:LuVOy laser; (b) corresponding autocorrelation

trace.

section, t is the emission lifetime, P, is the absorbed
pump power, o, is the mode radius, and ®, is the pump
radius. For the present experimental configuration,
the maximum number of longitudinal modes is calcu-
lated to be N,,,, = 9—10 with the following parameters:
lw=9mm,o=04mm"', [, =8mm,d=0.5mm,
R=0.85, L =0.005, hv,=2.46 x 107 J, 6 = 1.46 x
107 cm?, t =65 ps, Py, = 2.6 W, ®,= 150 um, and
®, = 60 pm. The good agreement between the theoret-
ical estimations and the experimental observations
validates the usefulness of the model for our high-rep-
etition-rate self-mode-locked Nd:LuVO, laser. On the
other hand, the mode spacing AA could be theoreti-

cally evaluated by the equation AL = A%/2[%, foralin-

ear standing-wave resonator, where A is the central las-
ES

ing wavelength and the [, is the optical cavity length.

For the present setup, the mode spacing A\ is calcu-
lated to be 0.036 nm, which is in excellent consistent
with the experimental observation of 0.034 nm, as
shown in Fig. 5a. The recorded autocorrelation trace
of the stable CW mode-locked operation at the pulse
repetition rate of 9.52 GHz is shown in Fig. 5b with
time interval of 150 ps. Since the separation between
the peaks of the autocorrelation trace is approximately
equal to the roundtrip time of 105 ps, the pulse repeti-
tion rate could be determined to be 9.52 GHz. The
FWHM width of the single pulse of the CW mode
locking is measured to be 12 ps, and the pulse width is
estimated to be 7.9 ps assuming the sech?-shaped tem-
poral profile. As a consequence, the time-bandwidth
product of the mode-locked pulse is 0.565, indicating
the pulses to be frequency chirped.

Finally, it is worthwhile to mention that the peak
power of 7.2 W obtained from our self-mode-locked
Nd:LuVO, laser is slightly better than the results
obtained from other mode-locked Nd-doped laser
with several GHz repetition rates [45—48], indicating
that using self mode locking is a promising way for
power scaling at high repetition rates. Currently, the
semiconductor-based structure is the most popular
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saturable absorber for achieving mode-locked opera-
tion [49, 50]. Nevertheless, the main obstacle to fulfill
the CW mode locking at high repetition rates with a
semiconductor saturable absorber is the tendency of
the laser to mode lock only under a Q-switched enve-
lope due to the reduced intracavity pulse energy [51].
Comparative speaking, the self mode locking is
believed to be a favorable approach for efficiently
achieving a reliable mode-locked laser with high repe-
tition rates.

4. CONCLUSIONS

In summary, we have reported on a high-power
diode-end-pumped self-mode-locked Nd:LuVO,
laser with the pulse repetition rate up to 9.52 GHz for
the first time. The large third-order nonlinearity of the
Nd:LuVO, crystal has been exploited to efficiently
achieve a fairly stable self-mode-locked operation
without any additional components. The detailed
characteristics of the compact efficient self-mode-
locked laser have been experimentally investigated and
theoretically analyzed. With the incident pump power
of 2.6 W, the average output power up to 0.54 Wis gen-
erated with the pulse width of 7.9 ps at the pulse repe-
tition rate of 9.52 GHz. We believe that the compact
efficient self-mode-locked mechanism could provide
a reliable high-repetition-rate laser source with high
average output power in the future.
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Abstract

We investigated experimentally non-paraxial contributions to the high-order far-field pattern of
large-area vertical-cavity surface-emitting lasers in order to explore by analogy the
momentum-space wave distributions of quantum billiards. Our results reveal that non-paraxial
contributions significantly influence the morphology of the high-order far-field pattern. A fast
reliable method is developed for transforming the experimental far-field patterns to the correct
Fourier transform of the corresponding near-field lasing modes. In this way we visualize the

momentum-space (p—q) wavefunctions of quantum billiards.

Keywords: surface-emitting laser, non-paraxial effect, far-field pattern, quantum billiards

(Some figures in this article are in colour only in the electronic version)

1. Introduction

The vertical-cavity surface-emitting laser (VCSEL) has been
identified as a promising light source for applications in short
distance communication, data transmission, and sensors [1, 2].
There has been intensive research on physical properties
of the VCSEL, including the optical feedback dynamics,
polarization, and transverse pattern formation [3—6]. Recently,
the analogy between the Helmholtz equation and the time-
independent Schrodinger equation has enables us to exploit
the transverse near-field patterns of oxide-confined VCSELSs to
visualize the coordinate-space wavefunctions of 2D quantum
billiards with the same lateral shapes [7-10]. Quantum billiard
systems have been widely used to explore many striking
mesoscopic phenomena such as electron transport [11],
conductance fluctuations in quantum dots [12, 13], and the
diffraction in time effect [14].

Since the far-field pattern is the Fourier transform of

I Address for correspondence: Department of Electrophysics, National Chiao
Tung University, 1001 Ta Hsueh Road, Hsinchu 30050, Taiwan.

2040-8978/11/075705+07$33.00

the near-field pattern based on the paraxial approximation,
the momentum-space wavefunctions of 2D quantum billiards
can also be analogously observed with the high-order lasing
modes of VCSELs [8]. Generation of the higher-order
transverse modes can provide more interesting perspectives for
the exploration of the quantum—classical connection. However,
during the free-space propagation of the higher-order lasing
modes, non-paraxial contributions to the total wavevector k
may significantly influence the far-field patterns. Therefore,
it is essentially important to develop an appropriate correcting
method for extracting the momentum-space wavefunctions
from the experimental far-field patterns with the substantial
non-paraxial contribution.

In this work, we first exploit square-shape large-aperture
VCSELs to experimentally investigate the difference between
the low-order and high-order far-field transverse patterns.
Experimental results reveal that the high-order far-field
patterns display significant bowing toward the center of the
device. We define this effect as the pincushion curving of the
Fourier transform of the near-field wavefunction and we refer
to it as pincushion curving. We employ the stationary phase

© 2011 IOP Publishing Ltd  Printed in the UK & the USA
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Figure 1. (a) Theoretically calculated coherent state |

method [15] to confirm that the curving feature arises from
the non-paraxial contribution. Moreover, a useful mapping is
developed to recover the momentum-space wave patterns of
2D quantum billiards from the experimental far-field lasing
patterns. We further numerically explore the higher-order
eigenstates of equilateral triangular VCSELs to demonstrate
that the pincushion curving is a typical feature of the non-
paraxial contribution to the far-field patterns.

From the viewpoint of experimental measurements, the
motivation and significance of this research as well as relevant
materials can be more clearly appreciated. The observation
of near-field patterns of lasing modes inevitably requires a
re-imaging optics with sufficiently high numerical aperture,
whereas the far-field patterns can be directly measured without
any re-imaging optics by simply using a screen. It is
well known that the far-field pattern can be numerically
obtained from the experimental near-field patterns with the
diffraction theory. However, under the circumstances of a
strong non-paraxial contribution, it is scientifically important
to extract the information of the near-field pattern from the
experimental far-field pattern. Our work is aimed at developing
a straightforward procedure for mapping the experimental far-
field lasing pattern into the accurate Fourier transform pattern
of the near-field mode.

2. Coherent states in square quantum billiards

To begin with, we give a brief synopsis for the coordinate-space
and momentum-space representations of the coherent states in
a square billiard. The choice of the square-shape geometry
is motivated by a recent experiment where the wavefunctions
localized on classical periodic orbits were found not only to
be the persistent states in open square quantum dots but also
to be associated with the striking phenomena of conductance
fluctuations [12, 13]. For a square billiard with the vertices at
(£a/2, £a/2) and (£a/2, Fa/2), the quantum eigenstates
Vi i (x, y) are given by [16]

= (2/a)sin[ky (x + a/2)] sin[kz (v + a/2)],
)]

Vi (X, y)

(x, y)|? in a 2D square billiard; (b) the correspondence momentum space.

where k, = nw/a (n = 1,2,3,...) and a is the length of the
square boundary. On the other hand, each family of classical
periodic orbits in a square billiard can be denoted by with three
parameters (p, g, ¢), where p and g are two positive integers
describing the number of collisions with horizontal and vertical
walls, and the phase factor ¢ is in the range of —m to 7 that is
related to the wall positions of specular reflection points [16]. It
has been verified that with the Schwinger SU(2) representation
the coherent states associated with periodic orbits (p, ¢, ¢) can
be analytically expressed as [16]

Wi G y) = Z Cork @ Yy pk pn—gk (X, 7). (2)
K=—M

where N represents the order of the coherent state, Cpr x =
ZLM( Mzi/l © )1/2 is the weighting coefficient, and (} ) = e
represents the binomial coefficient. Note that the coherent
states obtained as a linear superposition of a few nearly
degenerate eigenstates have been verified to be the persistent
stationary states in real mesoscopic systems and to display
quantum interference features in the classical periodic orbits.
With the Fourier transform, the momentum-space
representation of the coherent states lIJp e ¢(x y) is given by

n!

L ke, ky) = Z Cu.ke™

X {[F(kxa querKa a) - F(kx; _querKs a)]

X [F(ky; kprqKaa) F(kya qNerKa a)]} (3)
with o (ks 4k )
F (ks by, a) = o3 S0 F ) a/2] @)
(ki + kn)

where k; (i = x,y) are the wavevectors in the x-direction
and y- direction respectively. Note that the coherent
states \1111\7, Y, (x y) behave as traveling waves in the
transverse plane. The standing-wave representation is given
b SP ) _ \IJP 4.9 + lIJp 4.—¢ \/_
y Syl y) = M (X, ) (x, M1/

Consequently, the momentum space representatlon of the
coherent states S5 % (x, ) is given by Sy%4? (ki ky) =

[N (e, ky) £ B %% (ke  ky)1/+/2. Figures 1(a) and (b)
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Figure 2. Schematics of the VCSEL device structure and the experimental setup: (a) measurement of the near-field pattern and (b)

measurement of the far-field pattern.

Figure 3. Experimental patterns of a square-shape VCSEL obtained with the detuning of Aw/2m = 2.7 THz: (a) near-field pattern;

(b) far-field pattern.

illustrate the numerical patterns for the coordinate-space

wave patterns |S ]"\7,%;5 L (x, ¥)|? and the momentum-space wave
P49

patterns 1S Nt (ks ky)lz, respectively, with the parameters
(p.g) =, 1), (N,M) = (22, 5), and ¢ = 0.557. It can
be seen that the real-space wave pattern is concentrated along
a diamond-shaped classical trajectory in the transverse plane
(x—y) and the corresponding momentum-space wavefunction
exhibits high-intensity lobes at the corners of the aperture with
flower-like structure and relatively weak stripes connecting
them.

3. Experimental results

For VCSELSs, the transverse order of the lasing mode depends
on the frequency detuning Aw w — ., where w is
the emission angular frequency and w. is the longitudinal
cavity resonance. Experimentally, we fabricated several
large-aperture square-shape VCSELs with different frequency
detunings to explore the far-field transverse patterns of higher-
order modes. Figure 2 depicts a top view of the VCSEL to
show the square aperture and the experimental setup for near-
field (figure 2(a)) and far-field (figure 2(b)) measurements.
The size of the oxide aperture was 30 x 30 um? and the
emission wavelength was designed to be around 800 nm. The
device structures of the oxide-confined VCSELs were similar
to those described by [6]. The VCSELs were placed in a

cryogenic system with a temperature stability of 0.1 K in the
range of 80-300 K. A power supply providing current with a
precision of 0.01 mA was utilized to drive the VCSEL. The
near-field patterns were measured by a charge-coupled device
(CCD) camera (Coherent, Beam-Code) with an objective lens
(Mitsutoyo, numerical aperture 0.9). The far-field pattern was
measured using a digital camera by directly projecting the laser
beam on a scattering paper screen at a distance about 20-30 cm
away from the VCSEL.

Figure 3 shows the near-field pattern and the corre-
sponding far-field pattern for the experimental lasing mode
obtained with the detuning of Aw/2m = 2.7 THz. It can be
seen that the experimental patterns agree very well with the
numerical results shown in figure 1 for the coordinate-space
and momentum-space wavefunctions of a square quantum
billiard. Next we generated a higher-order coherent state with
a larger detuning. Figure 4 shows the experimental near-field
pattern and the corresponding far-field pattern of the lasing
mode obtained with the detuning of Aw/2mr = 6.9 THz. The
morphology of the near-field pattern (figure 4(a)) can be found
to be in good agreement with the theoretical result; however,
the far field (figure 4(b)) displays a significant pincushion
curving when compared with a mode of lower transverse order
(figure 3(b)). Experimental results reveal that the pincushion
curving in the far-field distribution is independent of the
pumping current in the range of 1.0-1.5 times the threshold
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Figure 4. Experimental patterns of a square-shape VCSEL obtained with the detuning of Aw/2m = 6.9 THz: (a) near-field pattern;

(b) far-field pattern.

level. Furthermore, the optical spectra indicate that the gray
area in the central part of the far-field patterns in figures 3 and 4
arises from the amplified spontaneous emission. Consequently,
the thermal lensing effect can be confirmed to be not the
major mechanism in the formation of the pincushion curving.
The origin of the present pincushion curving comes from the
non-paraxial contribution because the transverse wavevector k;
is no longer much smaller than the longitudinal wavevector
k, for very high-order modes of VCSELs. Therefore, the
non-paraxial contribution needs to be considered to obtain
an accurate correspondence between the far-field pattern of
high-order lasing modes of VCSELSs and the momentum-space
wavefunctions of quantum billiards. In section 4 we exploit
the stationary phase method [15] to analyze the non-paraxial
contribution and to develop a fast procedure for recovering the
momentum-space wave patterns from the far-field patterns of
high-order lasing modes of VCSELs.

4. Theoretical analysis and the recovery method

The propagation of a monochromatic near-field distribution
uo(x,y) at z = 0 can be described in terms of a superposition
of plane waves [17]:

00 00 )
ux,y,z) = / dk, f dky fto(kx, ky)el(k;x-kkyy-kkzz)’ 3)
-0 -0

where k, = [k? — k2 — kg, and iio(ky, ky) is the Fourier
transform of the near-field distribution ug(x, y). When the
Fraunhofer approximation is valid, the far-field distribution

with kz — oo can be shown to be [17]

2rk . 2 _—
u(x,y,z) = %el[k(x2+} )/(21)]elkzuo <k§, k%) ] (6)

Equation (6) indicates that the far-field pattern |u(x,y, z)|
is related to the Fourier transform pattern of the near-field
distribution |itg(ky, ky)| with the arguments of k, = kx/z and
ky = ky/z. When the non-paraxial contribution is significant,

the stationary phase method [15, 18-20] is usually employed
to derive the far-field distribution and this results in

2wkz . X
u(x,y,z) = —zze‘k’uo (k; k%) , @)

ir

where r = /x2+ y2 4+ z2. As a consequence, the accurate
relationship between the far-field distribution and the Fourier

transform of the near-field distribution is given by equation (7)
instead of equation (6).

We used equations (2) and (7) to calculate the near-field
and far-field VCSEL patterns and to show the analogy between
them and the trajectories of the coherent states of square
billiards with different orders N. Figure 5 shows the calculated
results for the near-field patterns | S 1{',‘5‘/’ L) |> with different
orders of N = 20, 30, and 40 (figures 5(a)-(c)) and the
corresponding far-field patterns (figures 5(a’)—(c")). The values
of the parameters used in the calculation are (p, g) = (1, 1),
M = 5, and ¢ = 0.55m. It can be seen that the influence of
the non-paraxial contribution leads to the pincushion curving in
the far-field pattern with respect to the Fourier transform of the
near-field distribution. The higher the transverse order is, the
more curved the far-field pattern becomes. This result enables
us to confirm the origin of the experimental patterns shown in
figure 4. Since the far-field patterns of the VCSEL’s lasing
modes can be straightforwardly observed, it is practically
useful to develop a transform procedure for recovering the
momentum-space wave patterns from the experimental far-
field patterns.

Equation (7) reveals that the far-field pattern |u(x, y, 7)|
beyond the paraxial approximation is related to the Fourier
transform pattern of the near-field distribution |t (ky, k)| with
the arguments of k, = kx/r and k, = ky/r. In other
words, the experimental far-field pattern |u(x, y, z)| can be
used to obtain the Fourier transform pattern of the near-field
distribution |ig(ky, k)| via the change of the arguments of
x = kyr/k and y = kyr/k. However, since the variable
r is a function of the variables x and y, the expressions
x = kyr/k and y = kyr/k cannot be applied directly. For
solving this problem, we use the asymptotic property of the
free-space propagation to obtain the identity r/k = z/k, =
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Figure 5. Numerically calculated near-field patterns of resonance modes with transverse order: (a) N = 20, (b) N = 30, (¢) N = 40, and
((a")—(c")) the corresponding far-field patterns obtained by using the stationary phase method.

Figure 6. Reconstructed pattern for the far-field pattern shown in
figure 4(b), to correspond to the Fourier transform pattern of the
near-field distribution shown in figure 4(a).

z/,/k* — k¥ —k;.  With this identity, the expressions x =
kyr/k and y = kyr/k can be given as

x:kxz/ K2 — k2 — k2 ®)

and
y:kyz/ kz—k)%—kg. )

As a result, the Fourier transform pattern of the near-field
distribution [io(ky, ky)| can be straightforwardly obtained
from the experimental far-field pattern |u(x,y, z)| with the
change of the arguments as in equations (8) and (9). Note
that the far-field distribution intrinsically represents an angular
field distribution that is essentially independent of the distance

from the source. Equations (8) and (9) clearly reveal that the
relationship between the transverse momentum (ky, k) and the
screen position (x, y) for recording the experimental far-field
amplitude is not a linear mapping. It can be easily found that
only when the non-paraxial contribution is negligible, i.e. k> >
kiv, can the screen position (x, y) be linearly mapped to the
spéciﬁc transverse momentum (k,, k,). To the best of our
knowledge, this is the first time that a useful mapping has been
developed for obtaining the Fourier transform pattern of a near-
field distribution from a corresponding far-field pattern that is
subject to the influence of a non-paraxial contribution.
Applying the arguments of equations (8) and (9) to
the experimental result shown in figure 4(b), the accurate
Fourier transform pattern of the near-field distribution shown in
figure 4(a) can be numerically reconstructed and it is depicted
in figure 6. It can be seen that the pincushion curving of the
original far-field pattern is almost completely eliminated. The
morphology of the reconstructed pattern agrees very well with
the momentum-space distribution of the coherent state shown
in figure 1(b) with the transverse order of N = 36. In order
to analyze quantitatively the correlation of these patterns, we
calculate the spatial correlation function which is given by

g§@=(AT+7) L), (10)

where f1(F + 7) and f> () are normalized functions with the
variable of position. Two functions are highly related to each
other when g(T) approaches the value of 1. Substituting the
normalized reconstructed wave pattern and the momentum-
space distribution of the coherent state with the transverse
order of N = 36 into equation (8), we can obtain the value
of 0.837. The calculated result reveals that the two patterns are
highly correlated.

In addition to square billiards, the equilateral triangular
structure is a classically non-separable but integrable system
which also plays an important role in quantum billiards.
Recently, various high-order modes of equilateral triangular
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Figure 7. Numerically calculated wave patterns of eigenstates of an equilateral triangular VCSEL with transverse order: (a) (m, n) = (5, 58),
(b) (m, n) = (5,78), (¢) (m, n) = (5,98), and ((a")—(c)) the corresponding far-field patterns obtained by using stationary phase method.

VCSELs have been investigated via controlling device
temperatures [7]. It was confirmed that the near-field patterns
of these high-order modes display the wavefunctions of
equilateral triangular quantum billiards [7, 21]. Therefore,
it is useful and pedagogical to elucidate the influence of the
non-paraxial contribution to the high-order far-field pattern of
VCSELs with optical apertures having an equilateral triangle
shape.

For an equilateral triangular billiard with the vertices
at (0,0), (a/2,+/3a/2), and (—a/2,~/3a/2), the quantum
eigenstates CDf;Jl (x, y) are given by [21]

16 . 2
(Di n (‘xa y) = [ {e:tl(z71+l1)(2n/3a)xsin |:(m _ I’L) yi|
’ a?3/3 V3a

1 eFiCm-m@rBax g [n 2r y}

\/ga
) 2
_ e$1(2nfm)(271/3ll)x sin [m y:| } (1 1)
\/ga

with 2n > m (im = 1,2,3,...;n = 1,2,3,...), where
m and n represent the order of the eigenstates and a is
the side length of the equilateral triangle. Equation (11)
is the representation of the traveling-wave eigenstates. The
standing-wave representation of the eigenstates can be given by
St (x,y) = @ (x,y) £ @, ,(x,y). The wave patterns of
the eigenstates are generally confirmed to display honeycomb
patterns [7]. To explore the influence of the non-paraxial
contribution, we used equations (2) and (7) to calculate the
near-field and far-field patterns for the lasing modes Snj,f,n (x,y)
of VCSELs with different transverse orders. Figure 7 shows
the numerical wave patterns |S;g,n(x, |2 (figures 7(a)—(c))
and the corresponding far-field patterns (figures 7(a’)—(c’)) with
the transverse order of (m,n) = (5,58), (m,n) = (5,78),
and (m,n) = (5,98). As seen in figure 5 for the case of
square billiards, the non-paraxial contribution causes the far-
field patterns to display the feature of pincushion curving. To

sum up, the characteristic of pincushion curving is a typical
sign of a non-paraxial contribution to the far-field patterns.

5. Conclusion

In conclusion, we have experimentally investigated the
difference between the low-order and high-order far-field
transverse patterns of VCSELs with a square-shape aperture. It
was experimentally found that the high-order far-field patterns
displayed the feature of pincushion curving with respect to
the Fourier transform of the near-field wavefunction. We have
theoretically confirmed that the pincushion curving arises from
the non-paraxial contribution. On the basis of the stationary
phase method, we have developed a fast procedure for
obtaining the Fourier transform of the near-field patterns from
the experimental far-field patterns, for accurately visualizing
the momentum-space wavefunction of 2D quantum billiards.
Finally, we have also analyzed the influence of the non-paraxial
contribution for equilateral triangular VCSELSs to confirm that
the pincushion curving of the far-field pattern is a typical
feature in high-order transverse modes.
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Abstract A short-cavity Nd:YVOy laser is employed to
confirm that a spontaneous mode locking (SML) typically
occurs without employing an extra nonlinearity. We fur-
ther experimentally demonstrate that reducing the number
of longitudinal lasing modes can diminish the phase fluctu-
ation and effectively improve the SML pulse stability. Con-
sidering the spatial hole-burning (SHB) effect, an analytical
expression is derived to accurately estimate the number of
longitudinal lasing modes for a practical design guideline.

1 Introduction

The appearance of spontaneous mode locking (SML) in
laser cavity without using additional nonlinearity except
gain medium is an intriguing phenomenon of laser emis-
sion. During the early research on mode-locking, the SML
phenomenon was observed on different types of lasers in-
cluding He—Ne [1], ruby [2], Nd:glass [3], and argon ion [4]
laser systems. In the mid-1960s, the SML was not consid-
ered to be a reliable approach for the generation of ultra-
short pulses, partly because the mechanism for SML was not
adequately understood. Recently, fairly stable SML pulses
have been obtained in the experiments of Nd-doped vana-
date miniature lasers [5] and Nd-doped double clad fiber
lasers [6]. With the statistical analysis it has been shown
that unless a systematic phase fluctuation over 27 is intro-
duced, the mode-locked behavior will always be observed
in a multimode laser [7, 8]. Although a systematic phase
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fluctuation is usually caused by dispersion effects, theoret-
ical studies on the SML mechanism have confirmed that
the combination tones of the third order nonlinear polariza-
tion terms can help in compensating the dispersion-induced
phase shift [6, 9, 10]. As a result, the SML typically occurs
in a multimode laser without employing an extra nonlinear-
ity except the gain medium. However, the locking strength
due to the nonlinear polarization terms is rather insubstan-
tial. It is therefore crucial to precisely control the number of
lasing modes for achieving relatively stable SML pulses.

Spatial hole burning (SHB) in the gain medium has been
confirmed to be advantageously utilized for lasing mode se-
lection [11-16]. In this work we first experimentally con-
firm that the separation between the gain medium and the
end mirror in a standing-wave SML laser cavity can be em-
ployed to precisely control the number of longitudinal lasing
modes via the SHB effect, leading to a stability improve-
ment of the mode-locked pulses. With mode-locked states
as a basis, we derive an analytical formula to analyze the
number of longitudinal lasing modes. The predictions of the
theoretical model have shown a fairly good agreement with
experimental results.

2 Experimental results

We recently demonstrated that the large third-order non-
linearity of Nd-doped vanadate crystals could be used to
achieve a short-cavity SML operation [5]. Here we employ
the Nd:YVOy crystal to explore the influence of the num-
ber of longitudinal lasing modes on the stability of the SML
performance. The cavity configuration is a linear concave-
plano resonator, as shown in Fig. 1(a). The separation be-
tween the laser crystal and the input mirror, d, is freely
adjusted in the range of 1-11 mm to control the number
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Fig. 1 (a) Cavity configuration. (b) Typical mode-locked pulse train.
(c) Relative frequency deviation of the power spectra Av/v and pulse
width versus number of longitudinal lasing modes. (c1) and (¢2) Im-

of longitudinal lasing modes via the SHB effect. The gain
medium is a-cut 0.5 at.% Nd:YVOy crystal with dimensions
of 3 x 3 x 6 mm?>. Both end surfaces of the Nd:YVOy crys-
tal were antireflection coated at 1064 nm and wedged 2° to
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ages of the measured RF power spectra for the cases of d = 1 mm and
d =9. (d)—(g) Experimental optical spectra for different crystal/mirror
separations

avoid the Fabry—Pérot etalon effect. The laser crystal was
wrapped with indium foil and mounted in a water-cooled
copper holder. The water temperature was maintained at
around 20°C to ensure stable laser output. The input mirror
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was a 20-cm radius-of-curvature concave mirror with antire-
flection coating at 808 nm on the entrance face and with
high-reflectance coating at 1064 nm (>99.8%) and high
transmittance coating at 808 nm on the second surface. A
flat wedged output coupler with 10% transmission at 1064
nm was used throughout the experiment. The pump source
was a 3-W 808-nm fiber-coupled laser diode with core di-
ameter of 100 pm and numerical aperture of 0.20. Focus-
ing lens with 25 mm focal length and 85% coupling effi-
ciency was used to reimage the pump beam into the laser
crystal. The average pump size was approximately 60 um.
The optical cavity length was set to be approximately 2.92
cm, corresponding to a free spectral range of 5.14 GHz. The
mode-locked pulses were detected by a high-speed InGaAs
photodetector with rise time 35 ps, whose output signal was
connected to a digital oscilloscope (Agilent, DSO 80000)
with 12 GHz electrical bandwidth and sampling interval of
25 ps. The output signal of the photodetector was also an-
alyzed by an RF spectrum analyzer (Advantest, R3265A)
with bandwidth of 8 GHz. The spectral information of the
laser was monitored by a Fourier optical spectrum analyzer
(Advantest, Q8347) that is constructed with a Michelson in-
terferometer with resolution of 0.003 nm.

With the optimal alignment for d = 1 mm, the laser out-
put had a slope efficiency of 31%; the output power reached
0.79 W at an incident pump power of 2.6 W. With the real-
time dynamical temporal trace, the laser cavity can be easily
adjusted to be in a SML operation with a pulse repetition rate
of 5.14 GHz, as shown Fig. 1(b). We also found that the aver-
age output power is nearly independent of the crystal/mirror
separation d in the range of 1-11 mm. Figures 1(d)-1(g)
depict the measured optical spectra. The number of longi-
tudinal lasing modes can be clearly seen to decrease with
increasing the separation d. We also measured the radio-
frequency (RF) spectrum of the output power to evaluate the
stability of mode-locked pulse train. Figure 1(c) shows the
experimental results for the relative frequency deviation of
the power spectra, Av/v, where v is the center frequency
of the power spectrum and Av is the frequency deviation
of full width at half maximum and is inferred from the beat
note spectrum. As shown in Fig. 1(c), the value of Av/v is
significantly reduced with decreasing the number of longi-
tudinal lasing modes. Figures 1(c1) and 1(c2) are the images
of the measured RF power spectra for the cases of d = 1 mm
and d = 9 mm, respectively. It can be seen that the relax-
ation oscillation sidebands is improved approximately from
—40 dBc to —50 dBc. Since the relaxation oscillation fre-
quencies for different lasing modes are somewhat different,
the decrease of the number of lasing modes is found to be
beneficial in reducing the frequency deviation for the mode-
locked oscillation. The influence of the relaxation oscillation
on the dynamics of multimode Nd-doped lasers can be re-
ferred to [17-19]. The pulse width was measured with the

help of the commercial autocorrelator (APE pulse check,
Angewandte physik & Elektronik GmbH) and assuming the
sech?-shaped temporal profile. As depicted in Fig. 1(c), the
pulse width increases from 9 ps to 39 ps for the separation
d being varied from 1 mm to 11 mm. The mode-locked
pulses are nearly bandwidth-limited. Our experimental re-
sults manifestly reveal that the compromise between pulse
stability and pulse width should be considered in designing
an appropriate SML laser.

3 Theoretical analysis for number of lasing modes

Since the number of longitudinal modes play a critical role
for the stability of the SML operation, it is useful to develop
a method for estimating the number of lasing modes. Here
we extend the early work of Zayhowski [16] to derive an an-
alytical formula for estimating the maximum number of lon-
gitudinal modes in terms of the cavity geometry and well-
known material parameters. Considering a standing-wave
laser consisting of N oscillating modes and presuming that
all modes have equal amplitude and phase, the normalized
electric field can be given by

EN(X, Y, 2, t)

R D)
_ [ﬁ Z olomt l_sin(kmz)j|1//(x, ¥,2), (1)
m=0 cav

where w;, = (m, +m)rwc/leay, kmy = wm/c, m, is the reso-
nant mode index, and [.,y is the effective cavity length. The
transverse wave function ¥ (x, y, z) is given by

w(x,y,z)z,/2/nwlzexp[—(x2+y2)/w,2], )

where wy is the beam radius. Since the cavity length is much
longer than the laser wavelength, the typical value of m, is
greater than 103, Thus always N < m, holds. After some
algebra, the intensity Iy(x,y,z,1) = |En(x,y,z,1)|> can
be expressed as

In(x,y,2,1)
= N/Qlea) {[Sn (et + 2)/ Qleay) ]’
+ [Sn (7 (et — 2)/Qlean) |
— 28N (7T(Cl + Z)/(zlcav))SN (”(Ct - Z)/(zlcav))

x cos(2kz) }|¥ (x, v, 2) g

3

where Sy(0) = sin(N@)/Nsinf and k = [m, + (N —
1)/2]7/lcay = w,/c. The intensity Iy (x,y, z,t), averaged
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= (1/lea)[ 1+ Sy @2/ leav) = 28w (w2 leay) cos” (k2)] represents the residual gain distribution due to the inter-
2 2 . .
X ‘I/I(X, v, z)| . ) ference term cos”(kz) of the SHB effect. Figure 2 depicts

The function represents a standing-wave pattern which is
fully modulated for the position near the reflecting mirrors
and continuously loses contrast for the position away from
the mirrors. Due to the standing-wave nature, superposition
of the light fields of modes results in an envelope function
for the total light intensity. The spatial variation of the en-
velope Sy (z/lcay) occurs on the cavity-length scale to be
much slower compared to rapid undulations of the intensi-
ties of individual modes. As N get larger, Sy (z/lcav) be-
comes narrower such that it only has weight very close to the
end mirrors, i.e., z = 0 and z = l,y. The envelope function
Sn(mz/lcay) has a damping oscillation in the tail, causing
some inconvenience in performing numerical integration.
For a convenient numerical evaluation we use a Gaussian
function
&N (Z) — e_[N”Z/zlcav]2 + e_[N”(lcav_Z)/2lcav]2 (5)
to replace the envelope function Sy (wz/lcay). In terms of
gn(2), the average intensity in (4) can be split into two
terms:

(In(x,y.2))

= v @,y D [1 + v (@)]/ leav — Gres(x, y, 7 N), (6)

where the first term |y (x, y, z)|2[1 + gn(2)]/ lcay indicates
the average intensity without the interference effect and the
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the calculated results for Ges(x, v, z; N) and (Iy(x, y, 2))
as functions of z, where we take N = 11,x =y =0, and
m, = 200 for the convenience of presentation.

The maximum number of modes Ny, that can oscillate
in a standing-wave cavity is determined from the condition
that the maximum value of N in G5(x, y, z; N) leads to the
effective round-trip gain not less than the round-trip losses,
ie.,

201y (Papst/ hvp)

X /// Gres(x,y,2, N)rp(x,y,2)dV
N=Nmax

> In(1/R)+ L, ®)

where o is the stimulated emission cross section, [ is the
length of the gain medium, Py is the absorbed pump power,
vp is the pump frequency, t is the emission lifetime, L is
the round-trip loss, R is the reflectivity of the output cou-
pler, and r(x, y, z) is the normalized pump intensity dis-
tribution. For a gain medium located between z = d and
z =d + [, and using a circular Gaussian beam to express
the pump distribution, r,(x, y, z) is given by

rp (-x’ yy Z)
=(2/7 wi)[ae*“(z’d)/(l — e*“lg)]e*Z(xzﬂ’z)/wﬁ
X O@z—-d)Od+1; —2), ©)
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where « is the absorption coefficient at the pump wave-
length, w, is the pump radius, and @ () is the Heaviside step
function. Note that the gain saturation effect is neglected be-
cause of low intensity levels. Substituting (7) and (9) into (8)
and carrying out the integration in the transverse directions,
we can obtain the relationship of nes(N, d)|N=Npa = ¢»
where the residual gain overlap parameter 15 (N, d) is de-
fined as

Nres(N,d) = (2/lcav)[Ollg/(1 _ e_alg)]
d+ly
) / cos?(kz)gn (z)e D dz (10)
d

and the effective loss-to-pump factor ¢ is defined as

_ [In(1/R)+ L]

) 11
Up/1s) (an

Separation d (mm)

where I, = 2Py /[ (w} + w3)] and Iy = hv, /(o). The
residual gain overlap parameter ns(N,d) represents the
overlap efficiency between the residual gain distribution
and the pump absorption distribution in the longitudinal
direction. The effective loss-to-pump factor ¢ indicates
the ratio of the cavity loss In(1/R) + L to the transverse
gain coefficient /,/I;. As a result, the maximum num-
ber of modes Npax can be determined with the criterion
Nres(N, d)[N=Npox = ¢ and (10) and (11). Figure 3 shows
the calculated results for n.5(NV, d) as a function of N for
several different values of d for the case of the Nd:YVOyq4
laser: lcay = 29 mm, /, = 6 mm, and & = 0.5 mm~!. From
Fig. 3, it is clear that the maximum number of modes Nmax is
decreased with increasing d. For the experimental condition
in Fig. 1, the effective loss-to-pump factor ¢ can be found
to be 3.1 x 1073, where the values of the parameters are as
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follows: o = 2.5 x 10718 cm?2, Py =2.5 W, T = 100 us,
R=0.9, L =0.005, hv, =2.45 x 107'° J, w; = 0.06 mm,
and w, = 0.06 mm. Applying ¢ = 3.1 x 103 into Fig. 3,
the maximum number of modes Ny ,x can be determined as
a function of d, as depicted in Fig. 4. The good agreement
between the theoretical estimations and the experimental
data validate the usefulness of the present model.

4 Conclusions

In conclusion, we have experimentally confirmed that a
SML can occur in short-cavity Nd:YVO; lasers without em-
ploying an extra nonlinearity. We further found that the sta-
bility of the SML pulses could be significantly improved by
reducing the number of longitudinal lasing modes to dimin-
ish the phase fluctuation. Considering the SHB effect, we
have derived an analytical formula to establish the relation-
ship between the number of longitudinal lasing modes and
the crystal/mirror separation. The theoretical estimations for
the number of longitudinal lasing modes were shown to be
in good agreement with experimental observations.
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Abstract A highly efficient Nd:Gdg Y04 VO4 laser by di-
rect in-band pumping at 914 nm is demonstrated for the first
time. With an absorbed power of 3.7 W, a maximum output
power of 2.65 W at 1064 nm was obtained, corresponding
to an optical conversion efficiency of 72%. We also experi-
mentally observed that the laser system could be efficiently
operated in the self-mode-locked state in the range of 0.9—
3.3 GHz. The pulse width was measured to be 16 ps at a
repetition rate of 1.75 GHz.

1 Introduction

With the advance in growth of semiconductor technology,
the diode-pumped solid-state lasers with high power are
promising and attractive in various applications such as
laser-video display, medicine, material processing, non-
linear wavelength conversion and so on. However, it is
well known that the thermal effects in the laser cavity are
the main challenges for developing high-power solid-state
lasers. Several methods have been proposed to overcome the
detrimental behaviors induced by thermal effects [1-6]. Nd-
doped crystal lasers have been extensively studied and are
conventionally pumped at 808 nm due to strongest absorp-
tion at *Ig;; — *Fs), transition. Nevertheless, this pump-
ing scheme produces significant heat thanks to the energy
difference between pumping wavelength and lasing wave-
length under four-level operation. Motivated by minimiza-
tion of the Stokes factor loss together with maximization
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of quantum efficiency, direct in-band pumping in Nd-doped
crystal lasers can basically eliminate the non-radiative tran-
sition to considerably reduce the thermal load and improve
many laser parameters that include pump threshold as well
as slope efficiency compared with the conventional 808-nm
excitation [7-13]. These benefits make the direct in-band
pumping one of the best methods for power scaling with
high conversion efficiency. The use of the longest absorp-
tion wavelength from the highest sublevel of the ground state
manifold to the emitting level can further enhance the laser
performance. For example, several Nd-doped lasers by di-
rect in-band pumping at their longest absorption wavelength
have successfully been derived with a high-brightness laser
diode as pump source [14—16].

Nd-doped vanadate crystals are characterized by their
high absorption coefficient for diode pumping, large stim-
ulated emission cross section, and moderate thermal con-
ductivity that are suitable for achieving excellent laser per-
formance. Previous studies also showed that vanadate crys-
tals have attractive x @) nonlinear properties [17], which
are closely related to the stimulated Raman scattering
process and self-mode-locked operation [18, 19]. In recent
years, with Gd ions replacing a fraction of the Y ions in
Nd:YVOy4 crystal, a new class of mixed vanadate crystal
Nd:Gd, Y| _ ,VO4 has been successfully developed as an
excellent gain medium in either continuous-wave operation
or passively Q-switched operation [20-23]. More impor-
tantly, the broader fluorescence spectral width caused by the
random distribution of the Gd and Y ions neighboring the
Nd ions is favorable for the generation of the shorter pulses
over the single-medium vanadate crystals in the mode-
locked oscillation [24, 25]. Although Nd:Gd,Y;_,VO4
lasers pumped at 880 nm and 808 nm have been compar-
atively studied [26], direct in-band pumping at 914 nm has
not been realized so far.
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In this work, a highly efficient Nd:Gd ¢Y0.4VO4 laser
by direct in-band pumping at 914 nm is reported for the
first time. With an absorbed power of 3.7 W, an average
output power of 2.65 W at 1064 nm was obtained. The
slope efficiency and optical conversion efficiency were up
to 82% and 72%, respectively. Moreover, with the realiza-
tion of large third-order nonlinearity of the Nd-doped vana-
date crystal, the self-mode-locked operation was experimen-
tally observed. Using an intracavity aperture to suppress
high-order transverse mode and an wedged output coupler
to eliminate the couple-cavity effect, a fairly stable funda-
mental mode-locked pulse train could be generated at rep-
etition rates in the ranges of 0.9-3.3 GHz. The pulse width
was measured to be 16 ps at a repetition rate of 1.75 GHz.
This is also the first realization of a self-mode-locked laser
under 914-nm pumping.

2 Experimental setup

Figure 1 shows the energy level diagram and measured ab-
sorption spectrum of a 1.0 at.% Nd:Gdy¢Y0.4VOs crystal
with the length of 20 mm. The present laser crystal was
cut about the a-axis, i.e. so-called a-cut, to use the larger
stimulated emission cross section parallel to the c-axis for
the purpose of lower pump threshold. The absorption spec-
trum was measured for non-polarized, o-polarized and -
polarized incident light with resolution of 1 nm. It can
clearly be seen that the crystal exhibits an attainable absorp-
tion at 914 nm, corresponding to its longest pump absorption
wavelength. The overall absorption percentage of the crys-
tal at 914 nm was experimentally evaluated to be approxi-
mately 20%, 18%, and 23% for non-polarized, o -polarized
and m-polarized incident light. In comparison with the tra-
ditional indirect pumping at 808 nm, which is related to
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Fig. 1 Absorption spectrum for a 1.0 at.% Nd:Gdg ¢Y0.4VO4 crys-
tal with a length of 20 mm. Inset: Energy level diagram of the
pump-emission
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the excitation *Io;, — *Fs;2 and the transition to *Fz; via
a non-radiative process, direct in-band pumping at 880 nm,
which is in connection with the transition *Ig;, — *F3/5, can
eliminate non-radiative process, leading to the reduction of
thermal load by about 28% as well as the improvement of
quantum defect ratio by around 9%. More importantly, the
thermal load and the quantum defect ratio could be fur-
ther ameliorated as much as 42% and 13% if the longest
pump absorption wavelength of 914 nm is employed. Be-
sides, differently from the traditional 808-nm indirect pump-
ing, the absorption difference between o -polarization and
m-polarization at 914 nm is remarkably small, as indi-
cated in Fig. 1. This polarization-insensitive absorption indi-
cates the more homogeneous temperature distribution inside
the crystal, thus being favorable for developing high-power
laser [14].

The experimental setup was a simple concave-plano res-
onator. The gain medium with dimensions of 2 x 5 x
20 mm3 was an a-cut 1.0 at.% Nd:Gdy¢Yo4VO4 crystal
purchased from CASTECH Inc. Both end facets were anti-
reflection coated at 1064 nm and wedged 2° to avoid the
couple-cavity effect. The laser crystal was wrapped with in-
dium foil and mounted in a water-cooled copper heat sink
at 20°C to ensure the stable laser output. The long crystal
length is not only advantageous to enhance the absorption
efficiency but also permits the thermal load to be spread over
a larger volume leading to the minimization of stress and
temperature rise etc., even though the overlapping between
the pump beam and the laser beam might be problematic
under diode pumping with so long a crystal. The input mir-
ror with radius-of-curvature of 50 cm was coated at 914 nm
for anti-reflection on the pump surface and at 1064 nm for
high reflection as well as at 914 nm for high transmission
on the second surface. An output coupler with transmission
of 6% at 1064 nm was utilized throughout the experiment.
The laser crystal was placed about 2-3 mm from the in-
put mirror. The pump source was an 25-W 914-nm fiber-
coupled laser diode with a core diameter of 800 um and
a numerical aperture of 0.16. The pump radius of 400 um
was re-imaged into the laser crystal with a lens set that
has a focal length of 25 mm with a magnification of unity
and a coupling efficiency of 85%. The geometrical cav-
ity length was set as about 8.5 cm, and the fundamental
mode radius inside the crystal was calculated to be 270 um
by the use of ABCD matrix method. To monitor the real-
time temporal dynamics of the laser output, a high-speed
InGaAs photodetector with rise time of 35 ps together with
a digital oscilloscope (Agilent, DSO 80000) with electrical
bandwidth of 12 GHz and sampling rate of 25 ps was em-
ployed.
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3 Results and discussions

Figure 2 shows the average output power at 1064 nm with re-
spect to the absorbed power at 914 nm. The pump threshold
was about 0.8 W, and the maximum average output power
was found to reach 2.65 W at an absorbed power of 3.7 W.
The slope efficiency and optical conversion efficiency were
up to 82% and 72%, respectively. Although the absorption
at 914 nm is almost independent of the pump polarization,
the laser output of an a-cut crystal is indeed m-polarized
parallel to the c-axis of the crystal since its larger emission
cross section will usually dominate the laser oscillation. The
spatial distribution of the continuous-wave laser output was
experimentally found to be multimode because the pump
radius was much larger than the fundamental mode radius
and will be discussed later. It was demonstrated that the
highest slope efficiency of 74% and optical conversion ef-
ficiency 59% were achieved for Nd:Gdg.13Y0.82 VO4 crystal
under direct 880-nm laser diode pumping in Ref. [26]. Con-
sequently, our experimental results apparently reveal that the
superior performance could be achieved by the use of direct
in-band pumping at 914 nm.

The self-mode-locking is one of the intriguing phenom-
ena during the early research on lasers. According to sev-
eral theoretical studies and experimental investigations, the
origin of the self-mode-locking is regarded as a result of
the combination tones of the third-order nonlinearity of the
gain medium, which could compensate for the dispersion
effect [27-29]. Due to the large third-order nonlinearity of
the vanadate crystal, the reliable self-mode-locked laser of
present configuration is possibly fulfilled.

When monitoring the real-time temporal dynamics of
the Nd:Gdg ¢ Y0.4VO4 laser and finely tuning the cavity, we
found that the laser output exhibited the self-mode-locked
state with slightly lower output power, as shown in Fig. 2.
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Fig. 2 The dependence of average output power on absorbed power.
Red points: cw operation; green points: self-mode-locking with beat
frequency; blue points: self-mode-locking without beat frequency

The separation between pulses was experimentally con-
firmed to correspond to the roundtrip time of the resonator,
as demonstrated in Fig. 3(a) at a repetition rate of 1.75 GHz
with time span of 20 ns. Nevertheless, the pulse train was
modulated by the beat frequency between the transverse
modes that resulted from the larger pump size of 400 um
compared with the fundamental mode size of 270 pm. The
resonant frequency of an optical cavity could be expressed
as [30]

C
fmnqqufL+(m+n+1)AfT=CIZ

—1
COoS
S L T 2
2L T

where g1 =1 — RLI, g=1- R%, m and n are the transverse
mode number, ¢ is the longitudinal mode number, L is the
cavity length, Ry and R, are the radius-of-curvature of the
input mirror and the output coupler. With the experimental
parameters, the transverse mode spacing A fr is evaluated
as 230 MHz, which is in good agreement with the beat fre-
quency between TEMgp mode and TEMy; mode.

An intracavity aperture was exploited to suppress the
TEMjp; mode in order to achieve a pure fundamental mode-
locked state with single transverse mode, as shown in
Fig. 3(b). However, the maximum output power was found
to decrease to 1 W at an absorbed power of 3.7 W. This
means that the overlapping between the pump mode and
the laser mode was not good under single TEMyy mode
operation at present. To overcome this problem, the mode-
matching efficiency between the pump mode and the funda-
mental laser mode should be optimized in the future. On the
other hand, the pulse train with noticeable amplitude fluctu-
ation was observed, as displayed in Fig. 3(c) with time span
of 500 ns. Previously, it was concluded that the wedged out-
put coupler to avoid the couple-cavity effect plays a very
important role in the achievement of the perfectly stable
self-mode-locked Nd-doped vanadate laser [18, 19]. There-
fore, we replaced the original output coupler by another 1°-
wedged output coupler with transmission 6% at 1064 nm.
The significantly improved stability of the pulse train was
obtained, as displayed in Fig. 3(d). To confirm the reliable
stability of self-mode-locked state, the radio-frequency (RF)
spectrum analyzer was employed. The RF spectrum reveals
that the relative frequency deviation of the power spectra
Av/v is experimentally found to be smaller than 10~* over
day-long operation, where v is the central frequency of the
RF spectrum and Av is the full width at half maximum
(FWHM) of the central frequency and is inferred from the
beat note spectrum. The repetition rate of the reliable mode-
locked laser could be steadily operated in the range of 0.9—
3.3 GHz depending on the cavity length (16.7 cm—4.5 cm).
With a commercial autocorrelator (APE, PulseCheck SM
250 IR), the pulse width under the stable cw mode-locked
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Fig. 3 (a) Pulse trains for the
laser operated in a coherent
superposition of TEMg and
TEM o modes, time span of
20 ns; (b) pulse trains for the
single transverse mode
operation, time span of 20 ns; |
(c) pulse trains with the |
couple-cavity effect, time span
of 500 ns; (d) pulse trains with
the elimination of couple-cavity
effect by the use of wedged
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Fig. 4 (a) Autocorrelation trace of the output pulses from the cw mode-locked Nd:Gdg ¢ Y .4 VO4 laser; (b) corresponding optical spectrum of the

laser

operation was measured at a repetition rate of 1.75 GHz.
The FWHM of the autocorrelation trace was measured to
be 22 ps, as shown in Fig. 4(a). The pulse width was thus
estimated to be 16 ps assuming the sech’-shaped temporal
profile. The spectral information of the laser was monitored
by a Fourier optical spectrum analyzer (Advantest, Q8347)
that is constructed with a Michelson interferometer with res-
olution of 0.003 nm. Figure 4(b) shows the FWHM width
of the optical spectrum was 0.125 nm at the central wave-
length of 1064.03 nm, giving the time-bandwidth product
of the mode-locked pulse of 0.53 indicating the pulses to
be frequency chirped and shorter pulse duration is possible
under specific circumstance. As mentioned above, the in-
homogeneous broadening of the emission spectrum of the
Nd:Gdg.6Y0.4VOyz is useful for producing shorter pulse du-
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ration over Nd:YVO4 and Nd:GdVOQy. It is obvious that
the pulse duration here is shorter than 23 ps, reported in
Ref. [19] with the same experimental configuration, and we
expect that a much shorter pulse duration could be obtained
when the pump facet of Nd:Gdg ¢Y0.4VOjs is high-reflection
coated at 1064 nm and acts as one cavity mirror of the res-
onator with the help of enhancement of spatial-hole-burning
effect [18].

Finally, it should be pointed out that the enhanced ab-
sorption at 914 nm with optimum mode matching is very
important to achieve high efficiency Nd-doped crystal laser
in terms of incident pump power rather than absorbed power.
Using a heavily Nd-doped laser crystal can essentially in-
crease the absorption at 914 nm, but it suffers from some
problems, such as the concentration quenching and the
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degradation of optical quality etc. Lengthening the laser
crystal can also increase the absorption at 914 nm; however,
the mode matching needs to be considered for optimiza-
tion. Comparatively speaking, the multi-pass end-pumping
scheme seems to be a more practical way for improving the
absorption at 914 nm.

4 Conclusion

In conclusion, we demonstrated a highly efficient
Nd:Gdy 6Y0.4VO4 laser by direct in-band pumping at 914
nm for the first time. With an absorbed power of 3.7 W, an
average output power of 2.65 W at 1064 nm was obtained.
The slope efficiency and optical conversion efficiency were
up to 82% and 72%, respectively. We also found that the
laser system could be efficiently operated in the self-mode-
locked operation with the realization of large third-order
nonlinearity of vanadate crystal. With an intracavity aper-
ture to suppress the TEM 9 mode as well as the wedged
output coupler to eliminate the couple-cavity effect, a fairly
stable mode-locked pulse train was obtained. The repetition
rate of the mode-locked pulse train could be operated in the
range of 0.9-3.3 GHz, depending on the cavity length. The
pulse width was measured to be 16 ps at a repetition rate of
1.75 GHz. We believe that the reduction of thermal load and
enhancement of laser efficiency with direct in-band pump-
ing at 914 nm in combination with the self-mode-locked
Nd:Gdy6Y0.4VO4 laser can provide an alternative choice
for developing highly efficient mode-locked laser as long as
the absorption at 914 nm is significantly improved.

The authors thank the National Science Council for their
financial support of this research under Contract No. NSC-
97-2112-M-009-016-MY 3.
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Abstract We exploit an AlGalnAs periodic quantum-well
absorber with a large modulation strength to realize a multi-
mJ passively Q-switched Nd:YVOy laser with a repetition
rate up to 200 Hz. At a pump energy of 34 mJ, the output
pulse energy and the peak power are found to be 3.5 mJ and
1.1 MW, respectively. The fluctuation of the output pulse
energy is generally less than +2%.

1 Introduction

Megawatt (MW) millijoule (mJ) laser pulses are practi-
cally useful for many applications, such as range find-
ers, nonlinear optics, and medical systems. Q-switching
is extensively exploited in producing high-peak-power and
high-energy laser pulses. Compared with active Q-switching
techniques, passive Q-switching methods that employ sat-
urable absorbers can considerably enhance the compactness
and simplify the operation. In earlier studies, the pulses
with nanosecond durations and several tens of kilowatt
peak power have been obtained in continuous-wave (CW)
diode-pumped passively Q-switched lasers [1-4]. To pro-
duce pulses with larger energy and higher peak power,
quasi-CW (QCW) laser diode bars or stacks have been often
used as pump light sources [5-8]. Compared with conven-
tional flash lamps, QCW diode stacks can be operated at
higher pump repetition rates and introduce lower heat loads
to gain media.
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Currently, Cr**:YAG crystal is the most widely used sat-
urable absorber in the spectral region of 0.9-1.2 pm [9-11].
It has been recently demonstrated that several mJ of output
pulse energies could be generated from QCW diode-pumped
Nd: YAG lasers passively Q-switched by Cr**:YAG crystals
with the optical-to-optical efficiency ranging from 4% to 7%
[6, 8, 12]. The highest repetition rate achieved with QCW
diode-pumped passively Q-switched Cr*t:YAG/Nd:YAG
lasers remains less than 100 Hz because the maximum duty
factors of QCW diodes are generally less than 2%. There
is consequently a need to use Nd-doped vanadate crystals
with a shorter spontaneous lifetime (~100 ps) for obtaining
a higher repetition rate in a QCW pumped configuration.
Moreover, Nd-doped vanadate crystals have a wider ab-
sorption band than Nd:YAG crystals. However, Cr*T:YAG
crystals are usually not appropriate to directly serve as sat-
urable absorbers for Nd-doped vanadate crystal lasers be-
cause their absorption cross sections are not high enough for
the good Q-switched criterion [13—16]. To the best of our
knowledge, the single pulse energies generated from pas-
sively Q-switched Nd:YVO4/Cr**:YAG lasers were nor-
mally not greater than 200 pJ [14-17]. Recently, an Al-
GalnAs semiconductor material with a periodic quantum-
well (QW) structure grown on a Fe-doped InP structure
has been successfully used as a saturable absorber in a CW
diode-pumped Nd:YVOy, laser to generate several tens of
microjoule laser pulses [18]. More recently, the AlGalnAs
periodic QW absorber has been applied in an Yb-doped fiber
laser to produce pulse energy up to 300 pJ [19]. This result
indicates that AlGalnAs QW absorbers have a potential to
generate much higher pulse energies.

In this work we develop an AlGalnAs periodic QW de-
vice with a large modulation strength to severs as a saturable
absorber in a QCW diode-pumped Nd:YVOy4 laser. Experi-
mental results reveal that the efficient passively Q-switched
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Fig. 1 (a) Structure of the present AlGalnAs material; (b) transmit-
tance of AlGaInAs material and Cr*+:YAG crystal as a function of the
incident pulse energy fluence

Nd:YVOyq laser is capable of generating 3.5 mJ of output
pulse energy at 200 Hz repetition rate with a beam quality
M? factor better than 1.5. The peak power is found to be
greater than 1 MW and the fluctuation of the output pulse
energy is generally less than +2%.

2 Semiconductor QWs absorber

In our earlier work [18] we fabricated a saturable absorber
that consisted of 30 groups of two QWs, spaced at half-
wavelength intervals by InAlAs barrier layers with the band-
gap wavelength around 806 nm and with the luminescence
wavelength to be near 1064 nm. Here we use a similar device
structure and enhance the modulation strength by increas-
ing the number of QWs to be 50 groups of three QWs, as
shown in Fig. 1(a). An InP window layer was deposited on
the QW/barrier structure to avoid surface recombination and
oxidation. The backside of the substrate was mechanically
polished after growth. The both sides of the semiconduc-
tor saturable absorber were antireflection coated to reduce
back reflections and the couple-cavity effects. The saturation
transmission of the AlGalnAs QW saturable absorber was
measured with a nanosecond 1064-nm Q-switched laser as
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Fig. 2 Schematic of the laser experiment setup

the excitation source, as shown in Fig. 1(b). To make a com-
parison, we also measured the saturation transmission of a
Cr*+:YAG crystal and plotted the result in the same figure.
The two sides of the Cr**:YAG crystal were coated for an-
tireflection at 1064 nm (R < 0.2%) and its initial transmis-
sion was nearly the same as that of the present AlGalnAs
absorber. The saturation transmission of AlGalnAs QW ab-
sorber was observed to reach 95%, indicating a low non-
saturable loss. An inferior final transmission (85%) of the
Cr*+:YAG crystal was mainly attributed to the excited-state
absorption. With the values of the final transmission, the ef-
fective modulation strengths of AlGalnAs QW absorber and
Cr*+:YAG crystal were found to be 68% and 57%, respec-
tively. The most important benefit of the AlGalnAs QW ab-
sorber is that its saturation fluence was two orders of mag-
nitude smaller than that of Cr*+:YAG crystal. This result
indicates that AlGalnAs QW device has a much larger ab-
sorption cross section than that of Cr**:YAG crystal to be an
appropriate absorber for passively Q-switching Nd:YVOy4
lasers. Employing the Frantz—Nodvik equation [20] to the
saturation curve, the absorption cross section of the present
AlGalnAs QW device was calculated to be 9 x 10710 cm?2.

3 Laser experiment

Figure 2 depicts the experimental configuration of a QCW
diode-pumped passively Q-switched Nd:YVO, laser with
AlGalnAs QWs as a saturable absorber. The pump source
was a QCW high-power diode stack (Coherent G-stack
package, Santa Clara, Calif., USA) which consisted of six
10-mm-long diode bars with a maximum output power of
120 W per bar at the central wavelength of 808 nm. The
diode stack was constructed with 400 um spacing between
the diode bars so the whole emission area was approxi-
mately 10 x 2.4 mm?. The full divergence angles in the fast
and slow axes are approximately 35° and 10°, respectively.
The pump duration of QCW laser diode stack was 100 ps
to match the upper-level lifetime of Nd:YVOy laser crys-
tal. A lens duct, which was fabricated from BK7 glass, was
utilized to efficiently deliver the pump radiation to the laser
crystal [21-23]. Compared with ordinary coupling methods,
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energy at 808 nm for quasi-cw free-running operation

the lens duct has the advantages of simple structure, optical
coupling efficiency, and spatial homogeneity of the pump
intensity distribution. In this experiment, the lens duct di-
mensions are as follows: radius of curvature of the input
surface 10 mm, width of the input surface 12 mm, length
of the duct 29 mm, and output aperture 3.8 mm x 3.8 mm.
The lens duct with a large output aperture was used to en-
hance the laser mode volume in this plane-parallel cavity.
The coupling efficiency of the lens duct was experimentally
measured to be approximately 80%. The active medium was
an a-cut 0.5 at% Nd3t, 7-mm long Nd:YVOy4 crystal. The
entrance surface of the laser crystal was coated with high re-
flection at 1064 nm (R > 99.8%) and high transmission at
808 nm (T > 90%). The other surface of the laser crystal
was coated with antireflection at 1064 nm (R < 0.2%). The
laser crystal was wrapped with indium foil and mounted in
a copper block. The output coupler was a flat mirror with
partial reflection at 1064 nm. The overall laser cavity length
was approximately 15 mm.

To begin with, we utilized a flat output coupler with
90% reflectivity at 1064 nm to evaluate the performance of
free-running operation without saturable absorber. Figure 3
shows the experimental results of the output energy with re-
spect to the pump energy in the free-running operation. At
a pump energy of 59 mJ, the output energy at 1064 nm is
approximately 33 mJ. The pump energy is defined as the
energy delivered at the output of the lens duct. The good ef-
ficiency confirms the coupling function of the lens duct and
the quality of the laser crystal.

We next placed the AlGalnAs QW absorber inside the
cavity and exploited an output coupler with different reflec-
tivity at 1064 nm to perform the passive Q-switching. Ex-
perimental results revealed that the maximum pulse energy
could be obtained with an output coupler with 40-60% re-
flectivity at 1064 nm. Hereafter we present the experimen-
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Fig. 4 Energy stability of the passively Q-switched Nd:YVO4 laser
under a repetition rate of 200 Hz. Inset: temporal shape of a single
pulse

tal results obtained with an output reflectivity of 50%. The
threshold energy for the stable Q-switched operation was
measured to be approximately 34 mJ. At a pump energy of
34 mlJ, the output pulse energy at 1064 nm was found to be
3.5 mJ, corresponding to an optical-to-optical efficiency of
10.3%. Note that the magnitude of thermal lensing in the
laser rod was estimated to be approximately several meters
during operation at 200 Hz. The beam quality M? factor was
measured to be smaller than 1.5. When the pump energy
exceeded 50 mJ, the cavity generated double pulses with
nearly equal energies of 3.5 mJ.

Figure 4 shows the stability of the output pulse energy
at a repetition rate of 200 Hz. The fluctuation of the output
pulse energy can be seen to be less than +2%. The pulse
temporal behavior was recorded by a LeCroy digital oscillo-
scope (Wavepro 7100; 10 G samples/sec; 1 GHz bandwidth)
with a fast InGaAs photodiode. A typical temporal shape of
the laser pulse is shown in the inset of Fig. 4. Experimental
results revealed that the tail of the pulse shape could not be
improved by using an output coupler with a lower reflectiv-
ity. As a result, we speculated that the slightly long tail may
come from the interaction between the QWs and laser light.
Howeyver, the detailed mechanism is unclear and needs more
study in the future. With the numerical integration for the
measured temporal pulse profile, the peak power could be
determined from the experimental pulse energy and its value
was found to be 1.1 MW. These are to our knowledge the
highest nanosecond pulse energies obtained by a passively
Q-switched Nd:YVOq4 laser with a repetition rate up to 200
Hz. To make a comparison, we also employed a Cr*t:YAG
crystal with the initial transmission of 30% to Q-switch the
present laser cavity. Experimental results revealed that the
output emission consisted of a series of spikes with the over-
all pulse width longer than 200 ns and the pulse energy less
than 1 mJ.

@ Springer
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4 Summary

In conclusion, an AlGalnAs periodic QW device with a
large modulation strength has been developed and employed
to passively Q-switch a QCW diode-pumped Nd:YVOg4
laser at 1064 nm. Stable Q-switched pulses with a pulse en-
ergy of 3.5 mJ and a peak power of >1 MW were gener-
ated at a pump energy of 34 mJ. The optical-to-optical ef-
ficiency is considerably greater than the results obtained in
QCW diode-pumped Nd:YAG/Cr**:YAG lasers. The fluc-
tuation of the output pulse energy at a repetition rate of 200
Hz was found to be less than +2%. This compact efficient
Q-switched laser is expected to be a useful light source for
many applications.
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Abstract—We demonstrate that the simultaneous self-mode-locking of TEM, , and TEM, , modes can be
achieved in a standard end-pumped Nd:YVO, laser. With this simultaneous self-mode-locking, the transverse
beat frequency can be accurately measured as a function of the absorbed power. We employ the measured beat
frequency and the cavity theory to precisely determine the effective focal length of the thermal lens in the gain

medium.
DOI: 10.1134/S1054660X11050197

1. INTRODUCTION

During the early research on mode-locking, the
self-mode-locked behavior was always observed in a
multimode laser [1—4] without employing an extra
nonlinearity except gain medium. Recently, it has
been found that the self-mode-locking operation can
be successfully achieved in diode-pumped Nd-doped
vanadate crystal lasers without the need of any addi-
tional components [5]. It has been found that the
wedge shape of the laser crystal is vital for obtaining a
complete stable mode-locking operation. When a laser
crystal without a wedge is used in a flat-flat cavity, the
pulse train exhibit incomplete mode locking with CW
background to a certain extent.

On the other hand, the unused pump power inside
the gain medium gives rise to a thermal lens that
occurs due to the combined effect of thermal expan-
sion and thermally induced refractive index change [6,
7]. The pump-induced thermal lens can significantly
influence the laser stability, the oscillation mode size,
the maximum achievable average power, and the out-
put beam quality [8—17]. To date, various experimen-
tal methods were developed to measure the focal
length of the induced thermal lens, such as utilizing a
second laser as probe laser [18—23], using the interfer-
ometric method [24—28], measuring the output beam
parameters [29], employing the unstable-resonator
method [30—32], and measuring the degenerate cavity
length [33] or the beat frequency of the transverse
modes [34]. Among these techniques, the transverse
beat frequency method is of particular interest since it
can be applied even for very weak thermal lensing.

In this work, we demonstrate for the first time that
simultaneous self-mode-locked operation for TEM, o
and TEM, ; modes can be also realized with an off-

! The article is published in the original.

axis pumping scheme [35—37]. We also employ the
simultaneous self-mode-locking precisely to precisely
measure the transverse beat frequency. With the mea-
sured transverse beat frequency and the cavity theory,
the effective focal length of the thermal lensing can be
precisely determined as a function of the absorbed
power. Experimental results reveal that the effective
focal power of the thermal lensing varies from 0.45 to
1.66 m~! for the absorbed power increasing from 0.7 to
2.3 Win a 4.5-cm cavity with an average pump radius
of 150 pm.

2. EXPERIMENTAL SETUP

Figure 1 depicts the experiment setup for the self-
mode-locked laser. The cavity configuration is a sim-
ple concave-piano resonator. The gain medium is a-
cut 0.2 at % Nd:YVO, crystal with a length of 10 mm.
Both end surface of the Nd:YVO, crystal were antire-
flection coated at 1064 nm and wedge 0.5° to suppress
the Fabry—Perot etalon effect. The laser crystal was
wrapped with indium foil and mounted in a water-
cooled copper holder with the water temperature to be
maintained around 20°C for obtaining a stable laser
output. The input mirror was a 50 cm radius-of-curva-
ture concave mirror with antireflection coating at
808 nm on the entrance face and with high-reflec-
tance coating at 1064 nm (>99.8%) and high transmit-
tance coating at 808 nm on the second surface. A flat
wedged output coupler with 15% transmission at
1064 nm was used throughout the experiment. The
pump source was a 2.5-W 808-nm fiber-coupled laser
diode with a core diameter of 100 pm and a numerical
aperture of 0.16. Focusing lens with 25 mm focal
length and 85% coupling efficiency was used to re-
image the pump beam into the laser crystal. The aver-
age pump radius was approximately 150 pm. The opti-
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Fig. 1. Experimental setup of a self-mode-locked Nd:YVOy laser for measuring the focal length of thermal lens of the gain

medium.

cal cavity length was set to be approximately 4.5 cm
corresponding to free spectral range (FSR) of 3.3
GHz.

3. EXPERIMENTAL RESULTS

First of all, the pumping beam was focused right on
the optical axis of laser cavity to obtain the maximum
output power for fundamental mode. After finely
adjusting the cavity alignment, the laser output can be
found to display a stable self-mode-locked operation.
Figure 2a shows the experimental lasing pattern mea-
sured with a CCD camera. The lasing mode can be
clearly seen to be the TEM,, mode. Note that once
the pumped power reaches the lasing threshold, the
system instantaneously steps into the stable mode-
locked operation. The mode-locked pulses were
detected by a high-speed InGaAs photodetector
(Electro-optics Technology Inc. ET-3500 with rise
time 35 ps), whose output signal was connected to a
digital oscilloscope (Agilent, DSO 80000) with
12 GHz electrical bandwidth and sampling interval of
25 ps. Figure 2b shows the temporal trace of the self-
mode-locked operation for the TEM,, , mode. Figure 2¢
depicts the average output power versus the absorbed
power the self-mode-locked operation for the TEM, ,
mode. The slope efficiency can be seen to be approxi-
mately up to 56% with respect to the incident pumped
power, corresponding to an optical-optical efficiency
0f 50%. The pulse width was measured with the help of
the commercial autocorrelator (APE pulse check,
Angewandte physik & Elektronik GmbH) and assum-

LASER PHYSICS Vol. 21 No. 3 2011

ing the sech?-shaped temporal profile. As depicted in
Fig. 2d, the pulse width was approximately 26 ps.

It has been shown that the off-axis pump scheme
can be used to generate the high-order transverse
modes [35—37]. Here we observed that the simulta-
neous self-mode-locking of the TEM, , and TEM, ,
modes could be achieved with a pump-beam displace-
ment of several tens of microns off the axis of the cav-
ity. Under the two mode self-mode-locked operation,
the output power was found to decrease only a few per-
cent relative to the pure TEM, ; output. Figures 3a and
3b show the spatial pattern and the temporal trace of
pulse train obtained at a pump power of 1.1 W, respec-
tively. It can be seen that the pulse train was modulated
with a transverse beat frequency. The output signal was
also analyzed with an RF spectrum analyzer
(Advantest, R3265A) with bandwidth of 8 GHz. The
corresponding RF power spectrum is depicted in
Fig. 3c. The center frequency can be seen to be
approximately 3.3 GHz which corresponds to the lon-
gitudinal mode spacing. In addition to the center fre-
quency, the transverse beat frequency can be deter-
mined with the difference between the main peak and
one of the secondary peaks in the RF power spectrum.
As obtained in Fig. 3c, the transverse beat frequency
was 228 £ Av MHz at a pump power of 1.1 W, where
Av =1 MHzis the frequency deviation of full width at
half maximum. Consequently, the transverse beat fre-
quency can be precisely measured with the simulta-
neous self-mode-locking of TEM,, and TEM,,
modes. The pulse width for the simultaneous self-
mode-locking of TEM;, and TEM,, modes was
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found to be nearly the same as the result of the TEM, ,
mode-locking, as depicted in Fig. 3d.

4. APPLICATION FOR MEASURING
THE THERMAL FOCAL LENGTH

The thermal-lensing effect causes the transverse
beat frequency to be strongly dependent on the pump
power. Figure 4a shows the dependence of the trans-
verse beat frequency on the absorbed power in the
range of 0.7—2.3 W. It can be seen that the transverse
beat frequency varies from 275 to 336 MHz with
+1 MHz frequency deviation for the pump power
increasing from 0.7 to 2.3 W. With the experimental
data for the transverse beat frequency, the effective
focal length of the thermal lens can be determined by
the formula of the equivalent g-parameters.

An optical resonator with an internal thermal lens
can be replaced by a empty cavity with the equivalent
g-parameters g* and the equivalent cavity length L*
which are given by [38]

d.
F = g-Ddf1-%),

§ = &TPOUTR, (1)

Lj=12; i#],
lz>l< = d|+d2—Ddld2, (2)

d +d

e 3
8i 7 )

1

where D is the effective focal power of the thermal
lens, R;is the radius of curvature of mirror, and ¢, and
d, are the optical path length from the center of gain
medium to the two mirrors. Because of the internal
thermal lens, the Gaussian propagated with the wave-
length A in the cavity exhibits two waists whose posi-
tion and radius are a function of the focal length of
thermal lens. In terms of the equivalent cavity param-
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eters, the beam waists and their positions are given by

[38]
®. = AL* f\/g;kg;k(l_g;kgi) (4)
T g (L*/R)+g(1-g78)

g/ (L*/R) +g/(1-gig?)
Note that the beam waist i is located to the left of mir-
ror i for d,; < 0 and to the right for d,; > 0. As a result,
the Gouy phase function for each beam waist o, is
given by O,(z) = tan'(z/z,,), where z,, = n®,;/A is the
Rayleigh range. With the Gouy phase function, the

transverse beat frequency of the adjacent modes can be
given as [39]

Avy
T
+0,(dy—d,;) +0,(d,) ],

[©,(d,—d,)+0,d,)

AVT:

(6)

where Av; is the longitudinal mode spacing. With
Eq. (6), the effective focal power of the thermal lens
can be solved as a function of the transverse beat fre-
quency. Consequently, the dependence of the effective
focal power of the thermal lens on the absorbed power
can be obtained from the experimental results for the
transverse beat frequency versus the absorbed power.
Figure 4b shows the calculated results for the effective
focal power as a function of the absorbed power with
Eq. (6) and the experimental data shown in Fig. 4a,
where the parameters used in the calculation are as
follows: d, = 14.3 mm, d, = 13.3 mm, R, = 500 mm,
and R, — oo. Considering the linewidth of the trans-
verse beat frequency, the uncertainty of the measured
focal powers is calculated to be within 0.24—0.60% for
the pump power increasing from 0.7 to 2.3 W. The
small uncertainty indicates that this method can pre-
cisely determine the thermal lens of laser crystal. The



484

solid line shown in Fig. 4b is calculated with the

empirical formula D! = C(oj /P,,, where P,, is the
pump power in the unit of watts, ®, is the average
pump radius in the unit of mm, and C is the propor-
tional constant in the unit of W/mm. The value of C
for the best fitting to the experimental data was found
tobe 5.6 x 10* W/mm. This result is in good agreement
with the values 4.14 x 10* and 4.9 x 10* W/mm which
obtained by the unstable-resonator method described
in [34, 35].

5. CONCLUSIONS

In summary, we have achieved the simultaneous
self-mode-locking of TEM, , and TEM, ; modes in a
standard end-pumped Nd:YVO, laser. We employed
this simultaneous self-mode-locking to accurately
measure the transverse beat frequency as a function of
the absorbed power. With the measured beat frequency
and the cavity theory, we precisely determined the
effective focal length of the thermal lens as a function
of the absorbed power.
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Manifestation of quantum-billiard eigenvalue statistics from subthreshold emission of
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We report that the subthreshold emission spectra of vertical-cavity surface-emitting lasers (VCSELs) can be

analogously used to manifest the quantum-billiard energy spectra. The Fourier-transformed distributions of the
subthreshold emission spectra are demonstrated to display various peak structures that are in good agreement
with the results of the quantum-billiard model. We also verify that the statistical analyses of the nearest-neighbor
eigenvalue spacing distributions obey a Poisson distribution for an equilateral-triangular device and a Wigner

distribution for a stadium-shaped device.
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I. INTRODUCTION

Quantum manifestations of classical chaos recurrently
attract much attention because the experimental techniques
exploring the quantum classical correspondence have been
continuously improved [1-4]. The two-dimensional (2D)
billiard problem is particularly useful for studying the classical
behaviors in the corresponding quantum regime due to their
simplicity [5,6]. Ballistic-electron transport in quantum dots
is often regarded as experimental realizations of quantum
billiards [7-9]. The similarity between Schrodinger and
Helmholtz equations has been widely used to develop elec-
tromagnetic wave resonators, ranging from 2D microwave
cavities [ 10—12] to optical microdisk lasers [13—15], as another
class of experimental and theoretical quantum-chaotic model
systems.

Recently, the lateral oxide confinements of the vertical-
cavity surface-emitting lasers (VCSELSs) with a unique longi-
tudinal wave vector k, have been justified to be equivalent to
2D wave billiards with hard walls [16]. The special superiority
of oxide-confined VCSELs is that the unique longitudinal wave
vector k, brings out the lasing transverse modes to be directly
reimaged with simple optics for analogous observations of 2D
quantum-billiard wave functions. More recently, Gensty et al.
[17] utilized the emission spectra far above lasing threshold to
analyze the eigenvalue spacing distribution and confirmed the
oxide-confined VCSELs to be fascinating devices for wave
chaos studies. However, the mode-competition phenomena
usually induce mode-hopping instability and only several
tens of cavity modes can be simultaneously lasing in the
emission spectra far above lasing threshold. So far, the VCSEL
devices have never been successfully employed to manifest the
signatures of classical chaos and the role of periodic orbits in
the quantum-billiard spectra.

Shortly after the invention of the semiconductor laser early
in the 1960s, it was found that several hundreds to a thousand
cavity modes could be clearly observed just below the lasing
threshold in conventional edge-emitting semiconductor lasers
[18,19]. In the same way, it was recently demonstrated that
the oxide-confined VCSELs could emit several hundreds of

PACS number(s): 05.45.Mt, 42.65.5f, 42.55.Sa

transverse modes in the subthreshold emission spectra [20].
This result casts light on the prospect of using the VCSEL
device to realize the experimental manifestations of classical
chaos in the quantum-billiard spectra.

In this work we first employ a large-aperture equilateral-
triangular VCSEL to explore the subthreshold emission
spectrum and the Fourier transformed length spectrum. It
is found that the experimental length spectrum agrees very
well with the result of the quantum-billiard model to exhibit
a series of sharp peaks at multiples of the lengths of the
primitive periodic orbits. Furthermore, we use the subthreshold
emission spectrum in a stadium-shaped VCSEL to investigate
the signatures of wave chaos. Experimental results noticeably
reveal that the isolated periodic orbits, corresponding to the so-
called scar modes, play an essential role in the genuine chaotic
wave resonators. We also confirm that the nearest-neighbor
eigenvalue spacing distributions for the equilateral-triangular
and stadium-shaped VCSELSs obey a Poisson distribution and
a Wigner distribution, respectively.

II. PERIODIC-ORBIT THEORY

Periodic-orbit theory developed by Gutzwiller [5] and
Balian and Bloch [21] has been extensively used to analyze the
long-range correlations in quantum spectra [22-24]. Here we
give a brief synopsis for the application of periodic-orbit theory
on the analysis of quantum-billiard spectra. Mathematically,
the energy level density p,(E) can be splitinto a smoothly vary-
ing part p(E) and a remaining oscillatory part. According to the
Gutzwiller trace formula, the oscillatory part of the eigenvalue
density is given by the actions of classical orbits, S, (E).
Therefore the energy level density p(E) can be expressed as

p(E) = 8(E —Ey,)
n=1

> S.(E
= po(E)+ Y > pyyucos [v< Mr(z )_%)} (1)
v=1 n

where the index p labels the periodic orbits and v = 1,2, ...
run over all recurrences of such orbits. For quantum-billiard
systems, the action S, (E)/h is given through the term kL,

*Author to whom correspondence should be addressed. where k is the wave number and L, is the path length of
yfchen@cc.nctu.edu.tw the periodic orbit. The eigenvalue density for the billiard
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problem can be expressed as Z:i] 8(k — k), where k,, are the
quantized wave numbers. As a result, the Fourier-transformed
spectrum of the eigenvalue density is given by

o0 00 o0
o) =3 [t ket = Y et
n=1"Y " n=1

= Z Z Pvu8(L — vL,). )
v=1

m

Equation (2) indicates that the length spectrum pgr(L) will
display a series of intense peaks at multiples of the lengths
of the periodic orbits, i.e., at L = vL,. In other words, the
character of classical periodic orbits can be revealed in the
Fourier-transformed spectrum of the eigenvalue density. For
numerical evaluation, the length spectrum can be written as
on(L) = Ziv:l e*L where N should be large but finite.

III. EXPERIMENTAL RESULTS AND
THEORETICAL ANALYSIS

The experimental VCSEL devices were grown with metal-
organic chemical vapor deposition. Each device consists of
a multiple quantum-well active region and a vertical cavity
formed by two distributed Bragg reflector (DBR) mirrors. The
active region comprises three Alpo7Gag o3 As-Alg36Gag e4As
quantum wells with well and barrier thickness of 70 and 100 A,
respectively. The spacers at both sides of quantum well were
added to form a 1-A cavity. The longitudinal wave number
is given by k, = 27 /x,and the values of A, are designed to
be approximately 782.6 nm for the experimental devices. The
periods for the top and bottom DBR mirrors are 23 and 29,
respectively. A high-Al composition Alj¢7Gag o3As layer was
placed at the first p-type doped DBR mirror and was oxidized to
define an aperture for current confinement. This oxide aperture
simultaneously induces an optical confinement because of the
large difference of the refractive index between the semicon-
ductor material and the oxide layer, thus forming an essentially
rigid wall waveguide [16,17]. Here we fabricated two different
shapes of oxide apertures, an equilateral-triangular shape and
a stadium shape, to explore the signature of wave chaos
in the subthreshold emission spectra. The optical micro-
scope photographs of the experimental VCSELs are shown
in Fig. 1.

The VCSEL device was placed in a temperature-controlled
system with a stability of 0.1 °C near room temperature. We
employed an optical spectrum analyzer based on a Michelson
interferometer to measure the subthreshold emission spectra
with a resolution up to 0.002 nm. With the relation of
k., = 2m /A,, the subthreshold emission spectrum p(X)can be
changed from a function of the emission wavelength A to a
function of the transverse wave number k by using the relation
k =,/ /r)?> — k?. We first investigate the subthreshold
emission spectrum of an equilateral-triangular VCSEL with
the side length of a = 66 um, as shown in Fig. 1(a).
Figure 2(a) shows the experimental emission spectrum p(k) of
the equilateral-triangular VCSEL just below the lasing thresh-
old. With the experimental data, the Fourier transform of the
subthreshold spectrum ppy(L) can be numerically calculated.
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(@)

FIG. 1. (Color online) Optical microscope photographs of the
experimental VCSELs for (a) equilateral-triangular device with
a =66 um and (b) stadium-shaped device with a =42 um and
b=21pum.

Figure 2(b) depicts the calculated results for the path-length
spectrum | ,opT(L)|2 corresponding to the experimental data
shown in Fig. 2(a). We experimentally found that there was
no obvious difference in the path-length spectra from sample
to sample for device growth in the same batch. To make a
comparison with the quantum-billiard spectrum, we calculated
the Fourier transform of the density of states for an equilateral-
triangular quantum billiard. The quantized wave numbers in
an equilateral-triangular quantum billiard of side a can be
analytically given by [25,26] k,, , = (47 /3a)v/m? + n?> — mn
for integral values of m and n, with the restriction that
m > 2n. The length spectrum was numerically calculated with
the expression py(L) = YN 32N eikual and N = 15,

m=2n

Figure 2(b) depicts the calculated results for the billiard model.
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FIG. 2. (Color online) (a) Experimental emission spectrum p(k)
of the equilateral-triangular VCSEL just below the lasing threshold;
(b) Fourier-transformed spectrum |ppr(L)[*>. The experimental and
numerical results are displayed as mirror images.
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Note that the path length of the periodic orbit (p,q) can be
expressed as Lpo(p.q) = ax/3/p? + pq +4¢> If p and ¢
have common factors, such an orbit categorically corresponds
to arecurrence of a simpler one in which the particle undergoes
two or more periods. It can be seen that the experimental length
spectrum agrees very well with the theoretical spectrum of the
billiard model to exhibit a series of sharp peaks at multiples of
the lengths of the primitive periodic orbits. This good agree-
ment signifies the feasibility of exploiting the spontaneous
emission spectra of large-aperture VCSELSs to investigate the
energy spectra of quantum billiards in an analogous way. In
earlier times, the energy spectra of quantum billiards have been
successfully studied by flat microwave resonators [4,10—12].
Here we manifest the quantum-billiard path-length spectra
from the active devices in the optical regime. The observation
of numerous cavity modes with narrow linewidth implies that
the subthreshold emission spectra of VCSELs may be useful
in developing wide-band tunable light sources for optical data
communication.

Next, we fabricated a VCSEL, which has the shape of
a Bunimovich stadium billiard, as shown in Fig. 1(b), with
the dimensions a =42 um and b = 21 um, corresponding
to y = (a — b)/b = 1. Figure 3(a) shows the experimental
emission spectrum p(k) of the stadium-shaped VCSEL just
below the lasing threshold. Figure 3(b) depicts the calculated
result for the Fourier-transformed spectrum |prr(L)|? of the
experimental data shown in Fig. 3(a). To make a comparison
with the quantum-billiard spectrum, we employed the so-
called expansion method [27] to calculate the theoretical
eigenvalue density for the stadium billiard with the same
geometry. The numerical result of the quantum-billiard model
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FIG. 3. (Color online) (a) Experimental emission spectrum p(k)
of the stadium-shaped VCSEL just below the lasing threshold;
(b) Fourier-transformed spectrum |ppr(L)|*. The experimental and
numerical results are displayed as mirror images.
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FIG. 4. (Color online) Experimental statistics for the nearest-
neighbor eigenvalue spacing distribution p(s) in form of histogram
for (a) equilateral-triangular device and (b) stadium-shaped device.
The curves represent (a) a Poisson distribution and (b) a Wigner
distribution.

is shown in Fig. 3(b). It can be seen that the positions of
the experimental peaks for the short-range periodic orbits,
(L/a) < 3.0, agree well with the theoretical analysis. The
short-range periodic orbits are associated with the scar modes
that are numerically found to be rather insensitive to the
geometry imperfection. For the long-range length distribution,
the experimental spectrum comes close to the theoretical one
to exhibit the complicated oscillations without conspicuous
peaks. Numerical results indicate that the detailed structure in
the long-range length distribution is more or less changed
by the tiny perturbation, even though the salient feature
of the complicated oscillations is quite similar. Therefore
it is somewhat problematic to make a more quantitative
comparison between the experimental and theoretical peaks for
the long-range periodic orbits. Nevertheless, it is judiciously
confirmed that the subthreshold emission spectra of the
VCSELs with classically chaotic shape can manifest the path-
length distributions to be in good agreement with the charac-
teristics of the quantum-billiard model.

Finally, we employed the experimental emission spec-
tra of the VCSELs to perform a statistical analysis. We
searched all the peak positions in the experimental spectra
and recorded these wave numbers as the sequence of eigen-
values {kj,k;,...k;,...}. The spacings s; = (ki11 — k;)/ Ak
between adjacent eigenvalues were subsequently obtained
by calculating the mean spacing Ak. We obtained 817 and
548 spacings of eigenmodes for the equilateral-triangular
and stadium-shaped VCSELs, respectively. Figure 4 shows
the experimental statistics for the nearest-neighbor eigenvalue
spacing distribution p(s) in the form of a histogram. It can be
seen that the statistical results for the equilateral-triangular and
stadium-shaped VCSELs are in good agreement with a Poisson
distribution p(s) = exp(—s)and a Wigner distribution p(s) =
(rs/2) exp(—ms?/4), respectively. The good consistency of
the experimental statistics with the theoretical prediction
further confirms that the subthreshold emission spectra of
VCSELSs can be analogously used to manifest the quantum-
billiard spectra.

IV. CONCLUSIONS

In conclusion, we have investigated the manifestation
of quantum-billiard energy spectra from the subthreshold
emission spectra of equilateral-triangular and stadium-shaped
VCSELs. The Fourier-transformed path length distribution
for an equilateral-triangular VCSEL exhibits various peak
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structures to be in good agreement with the results of the
quantum-billiard model. We also employed a stadium-shaped
VCSEL to manifest the path-length distribution correspond-
ing to the characteristics of the quantum chaotic billiards.
Furthermore, the statistical analyses of the nearest-neighbor
eigenvalue spacing distributions have been verified to obey
a Poisson distribution for the equilateral-triangular device
and a Wigner distribution for the stadium-shaped device.

PHYSICAL REVIEW E 83, 016208 (2011)

The good agreement confirms that the subthreshold emission
spectra of VCSELs can be analogously used to manifest the
quantum-billiard spectra.
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We report our observation of the signature of photon periodic orbits in the spontaneous emission spectra of large-
aperture vertical-cavity surface-emitting lasers (VCSELs). The high-resolution measurement clearly demonstrates
that over a thousand cavity modes with a narrow linewidth can be perfectly exhibited in the spontaneous emission
spectrum just below the lasing threshold. The Fourier-transformed spectrum is analyzed to confirm that the spon-
taneous emission spectra of large-aperture VCSELSs can be exploited to analogously investigate the energy spectra of

the 2D quantum billiards.
OCIS codes: 140.3410, 140.5960, 260.5740.

Optical microcavities have great potential for applica-
tions in miniature lasers, biological sensors, optical tele-
communications, and basic research on modern physics
[1-4]. Recently, large-aperture oxide-confined vertical-
cavity surface-emitting lasers (VCSELs), serving as an
analogous quantum billiard, have been employed to ex-
plore the quantum wave functions in mesoscopic systems
[6-7]. An interesting phenomenon has been observed in
that the electromagnetic field distributions of the lasing
modes are mostly localized on the periodic ray trajec-
tories, signifying the particle-wave duality [7]. Nowadays,
periodic orbits are ubiquitously recognized as the most
prominent feature in a wide range of systems, including
particle accelerators [8], atomic spectra [9], and astron-
omy [10]. To the best of our knowledge, all studies to date
related to photon periodic orbits have been restricted las-
ing spectra [2,5,6,11], and none has explored the role of
photon periodic orbits from spontaneous emission spec-
tra. As proposed by Purcell [12], the spontaneous emis-
sion rate of a radiating system can be significantly
modified by using a cavity to tailor the coupling of an
emitter with the vacuum field. This question naturally
arises: would it be possible that photon periodic orbits
play an important role in the spontaneous emission of
an emitter in the large-aperture microcavity?

In this Letter we fabricate a large-aperture square-
shape oxide-confined VCSEL to explore the spontaneous
emission spectra in very high resolution. Experimental
results clearly reveal that the coupling effects between
the optical modes and the spontaneous emission in-
crease with the increase of the injection current. We ob-
served that several thousand cavity modes can be almost
perfectly displayed in the spontaneous emission spectra.
The Fourier transform of the spontaneous emission spec-
trum just below the lasing threshold reveals a recurrence
spectrum in which each photon periodic orbit appears a
peak in a plot of intensity versus length. This finding casts
light on the new application of large-aperture VCSELSs in
studying the energy spectra of 2D quantum billiards with
spontaneous emission spectra.

In this investigation, the VCSEL device, grown with
metal-organic chemical vapor deposition, consists of a

0146-9592/10/162723-03$15.00/0
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multiple quantum-well active region and doped semicon-
ductor distributed Bragg reflector (DBR) mirrors to form
the vertical cavity. The active region comprises three
Al 07Gag g3As-Al 36Gag g4As quantum wells with well
and barrier thickness of 70 and 100 A, respectively.
The spacers at both sides of a quantum well were added
to form a 1- A cavity. For exploring the optical mode
spectrum by electroluminescence spectroscopy, a large
detuning between the quantum-well ground-state exciton
and the fundamental cavity mode was designed. The de-
tuning magnitude was approximately Aw/27z = 2.7 THz.
The periods for the top and bottom DBR mirrors
are 23 and 29, respectively. A high Al composition
Al 97Gag g3As layer is placed at the first positive-DBR
mirror, which is oxidized for current and optical confine-
ment. The device processing was carried out as follows.
The wafers were wet oxidized at 425 °C, and the oxida-
tion time is controlled to fabricate a 40 ym oxide square
aperture in a 110 ym mesa structure.

Schematics of the laser device structure and the ex-
perimental setup are shown in Fig. 1. The VCSEL device
was placed in a temperature-controlled system with a sta-
bility of 0.1 °C near room temperature. A current source
with a precision of 0.01 mA was utilized to drive the
VCSEL device. The emitted pattern was reimaged onto
a CCD camera with a very-large-NA microscope objec-
tive lens (Mitutoyo, NA = 0.9) mounted on a translation
stage. The spectral information of the radiation output

DC Power Supplier

High-resolution optical

Beam Delivery Fiber
spectrum analyzer

\VCSEL

Top view of
VCSEL device

Fig. 1. (Color online) Schematics of the laser device structure
and the experimental setup.

© 2010 Optical Society of America



2724 OPTICS LETTERS / Vol. 35, No. 16 / August 15, 2010
was measured by a high-resolution optical spectrum
analyzer (Advantest Q8347). The present spectrum anal-
yzer employs a Michelson interferometer with a Fourier
spectrum system to reach a resolution of 0.002 nm; con-
sequently, the cavity-mode spectral information can be
resolved to a large extent.

Figures 2(a)-2(e) depict the emission spectra measured
for several injection currents. Below the lasing threshold
of 26 mA, the scale of the modulation depth in the emis-
sion spectra was clearly seen to deepen with an increase
of the injection current, as shown in Figs. 2(a)-2(e). The
presence of sharp emission peaks arises from the high-©
optical confinement and each peak at the injection current
of 25 mA [Fig. 2(d)] is clearly resolved with less back-
ground. These peaks not only correspond to optical reso-
nance modes but also signify the fact that transition
probabilities are enhanced for emission wavelengths near
the optical modes. As shown in the inset of Fig. 2(d), the
linewidth of each isolated optical mode can be down to
narrower than 0.01 nm. Because the linewidth of the
quantum-well emitter is 10° — 10* wider than the average
mode spacing of the cavity mode, there are several thou-
sand cavity modes to be almost perfectly exhibited in the
spontaneous emission spectra. More specifically, all the
observed modes are the transverse modes of the cavity
[13]. The change of cavity finesse with current indicates
that the observed spectra should be referred to as the am-
plified spontaneous emission. When the injection current
amounts to 26 mA, a few optical modes reach the lasing
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Fig. 2. (Color online) Emission spectra measured for several
injection currents: (a)—(d) below lasing threshold and (e) just
above lasing threshold.

threshold and start to dominate the emission intensity, as
seen in Fig. 2(e).

It has been confirmed that the character of classical
periodic orbits can be extracted from observed quantum
spectra with a Fourier transform [14-16]. Analogously,
the Fourier transform of the amplified spontaneous
emission spectra should exhibit resonances correspond-
ing to photon periodic orbits in VCSEL cavities. Because
the longitudinal wavenumber in the VCSEL device is
unique and given by k, =2z/1,, the experimental
amplified spontaneous emission spectrum can be inter-
preted as the equivalent 2D density of state pgg(K) =
> .0(K - K,,), where K is the variable for the transverse
wavenumber, K, = \/k2 - k2, k,, = 27/1,, and 1,, are the
observed cavity modes. As a consequence, the Fourier
transform of the amplified spontaneous emission spec-
trum with K as the variable is given by pgg(L) =
JdKpsg(K) KL = 3~ el where the sum is over all
observed wavenumbers and L is the conjugate variable
of the wavenumber. To be precise, pgr(L) represents
the autocorrelation function of the amplified sponta-
neous emission spectrum and each peak showing up in
|pse(L)| is associated with the length of a resonant ray
orbit. Note that the value of 1, can be determined by
the longest emission wavelength in the experimental
spectrum. As shown in Fig. 2(a), the value of 4, is ap-
proximately 820.8 nm. Numerical analysis reveals
that the extracted resonant lengths were found to be
almost unchanged for the value of 1, varying within
820.8 + 0.1 nm.

Figures 3(a)-3(e) depict the Fourier-transformed spec-
tra |pgg(L)|, corresponding to the spontaneous emission
spectra shown in Figs. 2(a)-2(e), respectively. It can be
also seen that below the lasing threshold, the higher the
current is injected, the more resonance peaks appear in
|pse (L)]. This result indicates that the coupling strength
between the optical modes and the spontaneous emis-
sion spectra increase with increasing the injection cur-
rent. The origin of the resonance peaks in |pgg(L)| can
be confirmed to be associated with the photon periodic
orbits in the transverse plane. In a square lateral confine-
ment, the formation of periodic orbits for photons under-
going specular reflection at each side wall is subject to
the conditions of k,/k, = p/q, where p and q are two in-
tegers and k, and k, are the x component and y compo-
nent of the transverse wavenumber, respectively. The
path length of the periodic orbit (p, g) is then given
by L(p.q) = 2a\/p? + ¢, where a is the length of the
square boundary. Note that if p and q¢ have common fac-
tors, such an orbit categorically corresponds to a recur-
rence of a simpler one in which the photon undergoes
two or more periods. As seen in Figs. 3(a)-3(d), the re-
sonance peaks in |pgg (L)| are in good agreement with the
results of the geometric orbits, which manifest the impor-
tance of the photon periodic orbits in spontaneous emis-
sion spectra. More intriguingly, the discernible orbits
(p, q) become more and more complex as the injection
current increases. On the other hand, Fig. 3(e) illustrates
that just above the lasing threshold, the stimulated emis-
sion significantly affects the interplay between the opti-
cal modes and the spontaneous emission, causing the
elimination of the resonance peaks in |pgg(L)|. Recently,
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Fig. 3. (Color online) Fourier-transformed spectra |pgg(L)|,
corresponding to the spontaneous emission spectra shown in

Figs. 2(a)-2(e), respectively.

Du et al. [17] theoretically found that the concept of
periodic-orbit theory can be extended from electron to
photon in analyzing the spontaneous emission rate of
an atom near a dielectric interference. It is the first time,
to our knowledge, to discover the significance of photon
periodic orbits in the feature of the spontaneous emis-
sion spectra of large-aperture VCSELSs, as found in the
atomic absorption spectra [18]. More importantly, it is
worth mentioning that there was no obvious difference
in the spectra from sample to sample for devices growth
in the same batch.

In conclusion, we have performed very-high-resolution
measurement to demonstrate the signature of photon
periodic orbits in the spontaneous emission spectra of
large-aperture VCSELs. The coupling effects between
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the optical modes and the spontaneous emission are
found to increase with an increase in the injection cur-
rent. Just below the lasing threshold, we have observed
that more than a thousand cavity modes with a narrow
linewidth are precisely displayed in the spontaneous
emission spectra. The resonant peaks that appeared in
the Fourier-transformed spectrum are verified to excel-
lently coincide with the theoretical ones obtained from
the 2D square quantum-billiard model. Based on all the
agreement, large-aperture VCSELs can be confirmed to
function as “photonic billiards,” and their spontaneous
emission spectra can be employed to analogously inves-
tigate the energy spectra of quantum billiards.

This work is supported by the National Science
Council of Taiwan (NSCT) (contract NSC-97-2112-M-
009-016-MY3).
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Abstract: We design a reliable linear three-element cavity to make a
comparative study between the conventional and diffusion-bonded
Nd:GdVO, crystals in the passively mode-locked operation. Experimental
investigations reveal that the mode-locked pulse width obtained with the
diffusion-bonded crystal is considerably broader than that obtained with the
conventional crystal, even though the diffusion-bonded crystal can
significantly reduce the thermal effects. The pulse broadening is
experimentally verified to come from the length of the undoped part that
brings in a reduction of the spatial-hole-burning (SHB) effect.
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1. Introduction

Diode-end-pumped passively mode-locked all-solid-state lasers with semiconductor saturable
absorber mirrors (SESAMs) [1,2] have been extensively studied due to their short pulse
duration, compactness, low insertion loss, flexibility, inexpensive, reliable operation, and
wide bandgap ranging from visible to infrared etc. High-power mode-locked lasers are
desirable because they are useful for numerous applications such as laser-video display,
medicine, material processing, nonlinear wavelength conversion and so on [3]. Although
several high-power passively mode-locked lasers have been proposed [4—6], thermal effects of
the gain media are still the main challenge [7].

The composite crystal, which is fabricated by the diffusion bonding of a doped crystal to
an undoped crystal as a heat sink for the pump surface, has been confirmed to be a superior
method in reducing the thermal effects [8—11]. Recently, passively mode-locked composite
crystal lasers have been reported with average output power greater than 10 W, indicating that
the composite crystals are suitable for accomplishing high-power mode-locked laser [12,13].
Nevertheless, so far there is no systematic comparison between the conventional and
composite crystals in the passively mode-locked performance.

In this work, we develop a linear three-element resonator to make a comparative study
between the conventional crystal (Nd:GdVO,) and the composite crystal (GdVO,/Nd:GdVO,)
in the passively mode-locked performance. Compared to the conventional Nd:GdVO, crystal,
the maximum output power with the diffusion-bonded Nd:GdVOj, crystal can be enhanced by
nearly 30% thanks to the reduction of thermal effects. However, the mode-locked pulse
widths obtained with the diffusion-bonded crystal are found to be considerably broader than
that obtained with the convenient crystal. We experimentally confirm that the undoped part of
the diffusion-bonded crystal introduce a reduction of the spatial-hole-burning (SHB) effect to
lead to the pulse broadening. Our experimental results reveal that the length of the undoped
part needs to be taken into account in optimizing the pulse width of the mode-locked laser.

2. Cavity design and analysis

First of all we design a reliable cavity to evaluate the mode-locked laser performance between
the conventional crystal and the composite crystal. In the past years, the three-element
resonator, consisting of a flat rear mirror, a convex lens and a flat output coupler, has been
identified to be an effective method for realizing the Kerr-lens mode-locked laser [14,15]. The
linear three-element resonator is beneficial for easy assembly, mode-matching design, and
insensitivity to misalignment. Moreover, the linear three-element resonator is also practically
useful for the evaluation of thermal effects in the laser crystal. Therefore, here we employ the
linear three-element resonator to design a passively mode-locked laser with SESAM as a
saturable absorber for studying the performance between the conventional crystal and the
composite crystal.

The configurations for a three-element cavity with and without the thermal-lensing effect
are shown in Fig. 1(a) and 1(b), where L, is the distance between the front mirror and the
convex lens, L, is the distance between the convex lens and the output coupler, and f is the
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focal length of the convex lens. The laser crystal and the SESAM device are designed to be as
close as to the front mirror and the output coupler, respectively. With a pump spot radius of
100 pm, the mode size at the front mirror e, is aimed at 160 pum to lead to a good mode-size
matching. On the other hand, the mode size at the output coupler w, is aimed to be 50 um to
achieve a high-quality mode-locked operation. Consequently, the required mode-size ratio
wi/w, is approximately 3.2. The focal length of the convex lens is chosen to be f= 125 mm.
The key issue for the cavity design is to determin the values of L; and L,.

(a) (b)

L, f oL oL f L

Fig. 1. The configurations for a three-element cavity (a) with and (b) without the thermal-
lensing effect.
Using the ABCD-matrix method, the stable condition for a three-element cavity without
the thermal-lensing effect is given by 0<(1-L/f)A-L,/f)<1. For the purpose of
presentation, we define the factor 7 =1/(1+®, / ®,) and calculate # with f = 125 mm as a

function of L, and L,. In Fig. 2, a rainbow color bar is used to present the different value of
the calculated #, whereas the unstable zone is displayed with a black color. The stable region
can be clearly seen to be enclosed by three curves: (1-L /f)1-L,/f)=1, L,=f, and

L, = f . For the required ratio of w,/w, = 3.2, the corresponding # value is 0.238 that is

characterized by a light pink in the color bar. With the representation of Fig. 2, the appropriate
values of L; and L, can be found to approximately 500 mm and 166 mm, respectively, as the
location of point P indicated in Fig. 2.

0 100 200 300 400 500 L, (mm)

Fig. 2. Calculated results for the factor n as a function of L; and L, with f= 125 mm; the black
color denotes the unstable zone.

Taking the thermal-lensing effect into account, we find that the effective focal power of
the thermal lens in the laser crystal needs to be smaller than 2(L, — )™ to maintain the cavity
stable. With L, =500 mm and f =125 mm, we can find that the critical focal length of the
thermal lens is approximately 188 mm. The focal length of the thermal lens can be expressed
as f, = Ca); / P, [11], where w, is the pump radius on the gain medium, P;, is the incident
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pump power, and C is a proportional constant. As a result, we can calculate the critical pump
power P, beyond which the thermal-lensing effect will cause the cavity to be unstable. It
is clear that the smaller thermal-lensing effect the laser crystal brings in, the higher critical
pump power can be reached.

3. Experimental setup

The experimental setup is schematically shown in Fig. 3. The laser cavity contains a gain
medium, a convex lens, and an output-coupling semiconductor saturable absorber mirror
(SESAMOC). The gain medium is a Nd:GdVOj crystal that owns high absorption coefficient
for diode pumping, large stimulated emission cross section, and high thermal conductivity
along the <110> direction [16—18]. We prepared two types of gain media for the purpose of
our experimental study. The one was a conventional 0.5 at.% Nd:GdVO, crystal with
dimensions of 3 x 3 x 8 mm’ , the other one was a 3 x 3 x 10 mm’ composite
GdVO,/Nd:GdVO, crystal with a 2-mm-long undoped GdVO, crystal diffusion bonded to a
0.5 at.% Nd:GdVO, crystal. The pump facets of two type of laser crystals were coated at 808
nm for high transmission as well as at 1064 nm for high reflection (HR) as rear mirrors, and
the other sides of each were anti-reflection (AR) coated at 1064 nm and wedged 0.5° to
suppress the Fabry-Perot etalon effect. The laser crystals were wrapped with indium foil and
mounted in a copper holder with water-cooled at 20 °C. The pump source was a 10-W 808-nm
fiber-coupled laser diode with a core radius of 100 um and a numerical aperture of 0.16. The
pump beam was re-imaged into the laser crystal with a lens set that has a focal length of 25
mm with a magnification of unity and a coupling efficiency of 85%. The convex lens with
focal length of 125 mm was anti-reflective at 1064 nm on both sides.

(@) )

Optical spectrum
analyzer Autocorrelator
o
. : J
’ 3x3x8 0.5-at. %
Laser diode Nd:GdvO,
Digital
Convex lens oscilloscope (c)
o
‘ ; .
@ 3 o
Coupling lens Laser crystal High speed
SESAMOC photo-detector 1
—— > 3x3x2undoped  3x3x8 0.5-at. %
L1 L2 GdvVO, Nd:GdVO,

Fig. 3. (a) Schematic of a linear three-element diode-end-pumped passively mode-locked laser;
(b) conventional Nd:GdVOj crystal; (c) composite GdVO4/Nd:GdVO;, crystal.

For passively mode-locked operation at 1064 nm, we fabricated a SESAM structure that
was monolithically grown on an undoped GaAs substrate by metalorganic chemical vapor
deposition (MOCVD). The present SESAM device was designed to simultaneously serve as
an saturable absorber and an output coupler (SESAMOC) [19,20]. The saturable absorber was
composed of two 8-nm Ing3,Gagg6As quantum wells (QWs) with a modulation depth of 1.5%
and a saturable fluence of 80 pJ/cm®. The Bragg mirror structure comprised 10 AlAs/GaAs
quarter-wavelength layers, designed for a reflectivity of 96.3% at 1064 nm. The back side of
the 350-um GaAs substrate was coated for anti-reflection at 1064 nm. The SESAMOC was
surfaced mounted in a copper without any active cooling. As designed in Sec. 2, L; and L,
were set at 500 mm and 166 mm, respectively, to implement the mode-locked operation. The
total cavity length was then 666 mm, corresponding to repetition rates of 225 MHz. The mode
radii on the laser crystal and the SESAMOC were approximately 160 pm and 50 pm,
respectively. The cw mode-locked pulses were detected by a high-speed InGaAs
photodetector (Electro-optics Technology Inc. ET-3500 with rise time 35 ps), whose output
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signal was connected to a digital oscilloscope (Agilent, DSO 80000) with 12 GHz electrical
bandwidth and the sampling rates of 25 ps. The spectral information of the laser was
monitored by a Fourier optical spectrum analyzer (Advantest, Q8347) that is constructed with
a Michelson interferometer with resolution of 0.003 nm.

4. Results and discussion

The dependence of average output power on the incident pump power is shown in Fig. 4(a).
The slope efficiencies obtained with the conventional and composite gain media were found
to be almost the same, approximately 35%. The threshold pump powers for the cw mode-
locked operation were also very comparable for two types of gain media, approximately to be
1.7 W. When the pump power exceeded 1.7 W, the stable mode-locked pulses could be
continuously generated, as shown in Fig. 4 (b). The thermal lensing effect leads to a critical
pump power that restricts the maximum TEM,, output power in the cw mode-locked
operation. When the pump power exceeded the critical pump power, the pulse train was found
to be unstable, as revealed in Fig. 4(c). The critical pump powers were approximately 5.4 W
and 7.8 W for the cavities with the conventional and composite gain media, respectively, as
shown in Fig. 4(a). Limited by the thermal lensing effect, the maximum output powers were
1.75 W and 2.30 W for the cavities with the conventional and composite gain media,
respectively. In short, the maximum output power with the diffusion-bonded crystal can be
enhanced by nearly 30% thanks to the reduction of thermal effects.

25 —— (b) 20 ns/div
o (a) A conventional crystal /0
%, 20 b __._ composite crystal ‘/ |
4 7
2 L
L ~ |
E- 1.5 A %
= } :
o
E s
2 LO0r o J —
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& z
g 0.5 ¢ /( T
< A
006d
e Wl
Incident pump power (W) = . 4 bbb il ;

Fig. 4. (a) Average output power at 1064 nm versus incident pump power in cw mode-locked
operations. And pulse trains on two circumstances with time span of 200 ns: (b) Stable cw
mode-locked pulse train; (c) Modulation mode-locked pulse train with 24-MHz fluctuation.

With the help of the commercial autocorrelator (APE pulse check, Angewandte physik &
Elektronik GmbH), we measured the full width at half maximum (FWHM) of the
autocorrelation trace of the mode-locked pulse. Assuming the sech’-shaped temporal profile,
the pulse widths were found to be 8.0 ps and 24 ps for the cavities with the conventional and
composite gain media, respectively, as shown in Fig. 5(a) and 5(b). We also measured the
optical spectra for the mode-locked laser outputs. The FWHM of the optical spectra was
found to be 0.17 nm and 0.07 nm for the cavities with the conventional and composite gain
media, respectively, as shown in Fig. 6(a) and Fig. 6(b). It can be seen that the pulse
broadening is consistent with the narrowing of the optical spectrum for the cavity with a
composite crystal. Therefore, it is worthwhile to explore the origin of spectral narrowing in
the cavity with a composite gain medium. In the following, we will verify that the undoped
part of the diffusion-bonded crystal introduce a reduction of the SHB effect to lead to the
spectral narrowing.

#125744 - $15.00 USD Received 22 Mar 2010; revised 19 Apr 2010; accepted 20 Apr 2010; published 21 Apr 2010
(C) 2010 OSA 26 April 2010/ Vol. 18, No. 9/ OPTICS EXPRESS 9522



w
Q
S
&
=]

Pulse width ~ 8ps Pulse width ~ 24ps
0] () s P 5ol () P
3 50l r RN
g -3 £ 250 LA
5 200} N 5 3 %
E 150 . " 121ps = 2001 ’. 3
(=3 =]
g > o ERES 36.5 ps
L [
£ 100 s * E 100f
2 5 g
2 . 2 r
0 . . 2. 0
30 60 92 120 150 0 30 60 90 120 150
Time delay (ps) Time delay (ps)

Fig. 5. Autocorrelation traces of the output pulses from (a) cw mode-locked Nd:GdVOj, laser
and (b) cw mode-locked GdVO4/Nd:GdVO; laser;

ot (b)

0.8

o} (@)

4
3

0.6

Intensity (a.u.)
=1
>
Intensity (a.u.)

I
=

04

o
o

0.2 r

0.0 . . . L 0.0 L L
1062.9 1063.0 1063.1 1063.2 1063.3 1063.4 1063.5 1063.6 1062.8 1062.9 1063.0 1063.1 1063.2 1063.3 1063.4 1063.5

Wavelength (nm) Wavelength (nm)
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The influence of the SHB effect on the performance of mode-locked solid-state lasers was
previously studied for the cases of gain-at-the-end (GE), gain-in-the-middle (GM) as well as
the intermediate transition between GE and GM [21,22]. It was found that thanks to the
enhancement of the SHB effect, the pulse width in a GE mode-locked laser could be shorter
than that in a GM mode-locked laser under the same cavity configuration. To investigate the
SHB effect in the present three-element cavity, we replaced the HR-AR coated gain medium
with a AR-AR coated Nd:GdVOj, crystal and a flat front mirror. We then used a linear micro-
stage to tailor the degree of the SHB effect by varying the separation d between the gain
medium and the front mirror. With increasing the separation d from d = 0.2 mm to d = 10 mm,
we found that the mode-locked pulse increased smoothly from 15.8 ps to 36.6 ps and the
optical spectral FWHM changed from 0.085 nm to 0.048 nm, as shown in Fig. 7. In short, the
pulse width strongly depends on the separation between the gain medium and the front mirror.
The effective optical length of the undoped part in the diffusion-bonded crystal was
approximately 4.5 mm. Referring to the results in Fig. 7, such a separation could cause the
lasing spectral width to be significantly narrowed; consequently, the pulse width would be
nearly doubled. This result is consistent with the experimental observation in the mode-locked
laser with a composite crystal as a gain medium. Therefore, it is practically important in
optimizing the mode-locked pulse width to consider the influence of the undoped length of the
composite crystal.
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Fig. 7. Pulse width (red) and spectral FWHM (green) as a function of the Nd-doped gain
medium/front mirror separation d.

5. Conclusion

In conclusion, a comparative study between the conventional and diffusion-bonded
Nd:GdVO, crystals in the passively mode-locked operation has been performed by designing
a reliable linear three-element cavity. We have found that although the diffusion-bonded
crystal can usefully reduce the thermal effects, the mode-locked pulse width is usually broader
than that obtained with the conventional crystal. To explain the experimental results, we have
experimentally built the relationship between the degree of the SHB effect and the separation
between the gain medium and the front mirror. With the developed relationship, we confirm
the origin of the pulse broadening in the mode-locked laser with a composite crystal. Our
investigations also indicate that the specification of the undoped length in the composite
crystal needs to take into account for optimizing the mode-locked pulse width.
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We investigate the lasing modes in large-Fresnel-number laser systems with astigmatism effects. Experi-
mental results reveal that numerous lasing modes are concentrated on exotic patterns corresponding to in-
triguing geometries. We theoretically use the quantum operator algebra to construct the wave representa-
tion for manifesting the origin of the localized wave patterns. © 2010 Optical Society of America

OCIS codes: 070.1675, 070.2580.

Laser resonators have been employed as analogous
systems for generating high-order lasing modes to
manifest the wave patterns of quantum coherent
states, especially for mesoscopic and macroscopic re-
gions [1-4]. Various laser systems are widely used to
study optical pattern formation including, the
Laguerre-Gaussian (LG) modes, Hermite—Gaussian
(HG) modes, and the generalized coherent states that
form a general family to comprise the HG and LG
mode families as special cases [5,6]. Recently, we
have employed a large-Fresnel-number laser system
with an off-axis pumping scheme to visualize the co-
herent optical waves with localization related to the
Lissajous and trochoidal curves [7,8]. This result sig-
nifies that exploring the transformation geometry of
quantum coherent states plays a significant role in
understanding the quantum-classical connection.
More importantly, the investigation of high-order la-
ser modes is useful for developing the idea for gener-
ating the coherent structured light that can carry or-
bital angular momentum or contain optical vortices
for many applications [9,10].

In this Letter we experimentally performed a very
large off-axis pumping for studying the lasing modes
under the influence of considerable astigmatism. We
observed that numerous lasing modes with exotic lo-
calized wave patterns correspond to the topological
transformations. We used the quantum operator al-
gebra to derive the generalized unitary operator for
generating the eigenmodes for the spherical cavity
subject to the astigmatism effects. With the general-
ized unitary operator and the quantum-classical con-
nection, the geometries corresponding to the localized
lasing patterns can be perfectly manifested.

The present laser cavity was composed of a spheri-
cal mirror and a large-aperture gain medium, as
shown in Fig. 1. The gain medium was an a-cut
2.0 at. % Nd:YVO, crystal with a length of 2 mm and
a cross section of 8 X8 mm? to comply with the re-
quirement of the extremely high transverse orders.
The pump source was a 2 W, 809 nm fiber-coupled la-
ser diode with a core diameter of 100 um. A coupling
lens was used to focus the pump beam to be approxi-
mately 25 um in the laser crystal. The spherical mir-

0146-9592/10/030345-3/$15.00

ror was a 10 mm radius-of-curvature concave mirror
with antireflection coating at the pumping wave-
length on the entrance face (R<0.2%), high-
reflection coating at lasing wavelength (R>99.8%),
and high-transmission coating at the pumping wave-
length on the other surface (T'<95%). One planar
surface of the laser crystal was coated for antireflec-
tion at the pumping and lasing wavelengths; the
other surface was coated to be an output coupler with
a reflectivity of 99%. To generate the high-order
modes subject to considerable astigmatism, the
pumping beam was focused into the crystal in the re-
gion with a large off-axis displacement along the ¢
axis and a rather small displacement along the b
axis. We experimentally find that more than 100 dif-
ferent laser modes related to distinct localized wave
patterns can be generated at different degenerate
cavities. In addition to Lissajous and trochoidal pat-
terns [7,8] shown in Figs. 2(a) and 2(b), new findings
of numerous lasing patterns corresponding to the to-
pological transformations can be observed, as shown
in Figs. 2(c)-2(e). These patterns propagate in the
cavity with localization on 3D parametric surfaces,
which is distinct from M mode and spiral beams.
Since the laser cavity is an excellent analog system
for studying the coherent waves, the understanding
of these wave patterns should provide some useful in-
sights into the fundamental behavior of wave func-
tions at the border of the classical and quantum re-
gimes.

Pumping

Gain medium
beam

Focusing

lens Cavity mirror

CCD camera

\

Current source

Laser diode

Screen

Fig. 1. (Color online) Experimental setup for the genera-
tion of high-order lasing modes in astigmatic cavities with
an off-axis pumping scheme.

© 2010 Optical Society of America
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Fig. 2. (Color online) Experimental far-field patterns: (a)
Lissajous pattern; (b) trochoidal pattern; (c), (d) other typi-
cal lasing patterns.

The paraxial eigenmodes of stable spherical cavi-

ties can be expressed as the normalized HG modes
[11] nI:IS)l(x’y Z) (I)g{S)(x,y’Z)ei(m+n+1)HG(z)e—ig’m,n’l(x,y,z),
where ’

1
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\2mr Laminlw(z)

\r’§ \r’§
xXH,, w(z)x H, %y s (1)

(Z) wo\1+(2/2R) gmnl(xuy Z) (wman/C [1+(x
+y2)/2(2%+2%)], w, is the beam waist, z is the Ray-
leigh range, ,, ,; is the resonance frequency, m and
n are the transverse mode indices, [ is the longitudi-
nal mode index, and 6;(z)=tan"'(z/zz) is the Gouy
phase. In the spherical cavity, w,,; is given by
W 1= [lop+(m+n+1)wr)], where wy, is the longitu-
dinal mode spacing and wr is the transverse mode
spacing. Since the paraxial wave equation can be ex-
actly mapped on the time-dependent 2D quantum
harmonic oscillator, the quantum operator algebra
can be employed to explore the eigenmodes for the
spherical cavity with the astigmatism effects [12,13].
The equivalent Hamiltonian for the HG modes can be

expressed as H,=wp/2(P/ 52+ P52 +72+72) with
H |<I>(HG (m+n+1)wT|<I>H )}, where ¥=\2x/w and

y= \Zy/ w are dimensionless spatial variables. The
operators for astigmatism and anisotropic effects can

be expressed as I:1=%(a~cy+&/afﬂ/@7), I:2=1/2i(3~c&/§37
~53/ %), Ly=1&2+P1&2-5%-#/%2) [12]. Without
loss of generality, we model the 2D deformed har-
monic oscillator as ﬁp=ﬁ0+A-ﬁ1+B-ﬁ2+C-ﬁ3 to
consider the astigmatism and anisotropic effects,
where A, B, and C are constants and usually s1gn1ﬁ—

HG) )y e—(x2+y2/w(z)2)

\Y,2) =

cantly smaller than wy. The operators Ll, LZ and L3
have been verified to satisfy the Lie commutator al-
gebra [ﬁi,ﬁj]=iei J;kl:k, where the Levi—Civita tensor
&; j s equal to +1 and -1 for even and odd permuta-

tions of its indices, respectively, and zero otherwise
[14]. With the SU(2) algebra, the eigenstates of
Hp can be derived to be [P52)= U|CI>(HG)) where
U= e‘w‘LSe‘LﬁL2 a=tan"1(B/A), and B
=tan"}(JAZ+B?/C). This continuous transition be-
tween HG and LG modes is analogous to the transi-
tion between linear and circular polarization on the
Poincaré sphere [15]. In terms of the Wigner
d-matrix elements, the eigenstates |<I>”"8 ) can
be explicitly expressed as a linear combination

of the states | HO),
— Emﬂ(—)ne—isadm+n/2
S= S

o 90 03)
rvinzm-n2(B| Py o), where

m+n/2
ds—(m+n)/2,m—n/2(ﬁ)
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The state |[®%) for a=0 can be viewed as a rotation
of the HG mode |<I>(HG)) with an angle /2 in the (x,y)
plane [5]. Figures 3(a)—3(e) show the numerical wave
patterns for the eigenstates |<D“B Y with (m,n)

=(18,55), a=7/2 and five different 8 values. It can be
seen that the states |®%#) for «= /2 with the param-
eter B changing from 0 to /2 correspond to the as-
tigmatic transformation from the HG mode to the LG
mode [5,6].

Experimental results have evidenced that [7,8]
that the longitudinal-transverse coupling in the
large-Fresnel-number cavity usually forces the ratio
w7/ oy, to be locked to a rational number P/@. As a re-
sult, the group of the HG modes CID(H+pk n,+qh,l sk with
k=0,1,2,3---< forms a famlly of frequency
degenerate states, where the integers (p,q,s) obey
the equation s+(p+q)(P/Q)=0. It has been verified
[7] that the three-dimensional (3D) coherent states

constructed by the family of @H%Y Jipkun,+ghid sk

can be expressed as |\Iﬂf’nqS (<p))
=22/[=—M lk‘p@g} ?—?uk n+qkil, sk where CM,k
=27M( Ag{lﬁ)yz is the Welghtlng coefficient, (})=n!/k!(n
—k)! represents the binomial coefﬁment and the
parameter ¢ is the relative phase between various
HG modes at z=0. With the expression of
Eq. (1), we can obtain |\I’pqs I, (@)

n
=[WPa (@))elmornor D6 =iln,n,1,®¥2) wwith |‘If (qo))

_224 MCM keik(ﬁ(z ik(p|q)£r1;1(i1))k n +qk> where ¢(Z) (p
+q)0g(z). Here, m, and no indicate the order of the
coherent state; M, the number of eigenstates in-
volved in the superposition, is much smaller than m,
and n. As discussed earlier, the astigmatism and an-
isotropic effects can be considered with the unitary

operator U= e-ialsg-ifLs Consequently, the 3D coher-

ent states subject to the astigmatism effect can be
given by U|‘I’p - o (¢)), and their wave patterns are
determined Aby j:he wave function (7|\P{’,;j’no(cp)>
==X _MCM,ke’k‘ﬁ(z)e’kﬂ@;‘fl’fwkﬁo gk The state
|\If§’;‘{m (¢)) has been verified to have the intensity lo-

Fig. 3. (Color online) Numerical wave patterns for the in-
tensity of eigenstates \(I)“ﬁ) with (m,n)=(18,55), a=m/2:
(a) B=0, (b) B=7/8, (c) B=m/4, (d) B=37/8, (e) B=/2.



calized on the Lissajous parametric surface: x
=Re[X(9,2)]; y=Re[Y(9,2)], where 0<9<27, —0o<z
<o, X(9,2)=\n,w(z)ela?+ ¢+l and Y (9,2)
=m,w(z)e?? [7]. Using the isomorphic relation be-
tween SU(2) algebra and SO(3) algebra, the 3D co-
herent state (A]|‘I’§’n’q,n (¢)) can be deduced to be local-
ized on the parametric surface: x=Re[X(9,2)]; y

=Re[Y(¥9,2)], where

~ e ial2 cos(B) —eio2 sin(lg)
X(9,2) 2 2

Y(9,2) el2 sin(ﬁ) ele2 cos(lB)
2 2

X(9,2)
X Y. | (3)

Figures 4(a)-4(e) show the classical periodic orbits
computed with the parametric curves in Eq. (3) to
characterize the lasing patterns shown in Figs.
2(a)-2(e). The parameters are deduced from the best
fit to the experimental patterns; where (p,q)
=(-1,10), (m,,n,)=(40,200), («,B)=(0,0) for Fig.

4(a); (p,q)=(-1,10), (m,,n,)=(50,500), (a,pB)
=(m/2,7/2) for Fig. 40); (p,q)=(1,4), (m,,n,)
=(80,500), (a,B)=(w/2,w/3) for Fig. 4(c); (p,q)

=(1,6), (m,,n,)=(80,500), (a,B)=(w/2,w/3) for Fig.
4d);  (,9)=(2,5), (m,,n,)=(100,400), (a,p)
=(m/2,w/3) for Fig. 4(e). The good agreement vali-
dates our quantum operator model and confirms the

representation of the 3D coherent states U2 (¢)).

Finally, it is worth while mentioning that the
transverse patterns of all experimental modes are po-
sition dependent during propagation. Figure 5(a)
shows the variation of the experimental transverse
patterns during propagation for the case correspond-

ing to the far-field pattern in Fig. 2(c). We also use

the 3D coherent state U |\If1,';;q7n (¢)) to mimic the ex-

perimental wave pattern [Fig. 5(b)] corresponding to
Fig. 2(c) and to manifest the phase distribution for a
small region, as shown in Fig. 5(c).

In summary, we have experimentally observed nu-
merous lasing modes with exotic localized wave pat-
terns from spherical cavities subject to considerable
astigmatism. We have employed the quantum opera-
tor algebra to model the wave equation with the

Fig. 4. (Color online) (a)—(e) Geometric curves with Eq. (3)
corresponding to the experimental wave patterns shown in
Fig. 1. Detailed description for the parameters; see text.
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mental patterns of Fig. 2(a) from beam waist to 0.33 zp; (b)
numerical wave patterns corresponding to the experimen-
tal wave patterns shown in Fig. 2(c) with (p,q)=(1,4),
(mq,nq)=(10,60); (c) phase distribution of the boxed region
shown in (b).

astigmatism effects and have derived a generalized
unitary operator to obtain the eigenmodes. With the
generalized wunitary operator and the quantum-
classical connection, we have perfectly manifested
the geometries corresponding to the localized lasing
patterns.

This work is supported by the National Science
Council of Taiwan (NSCT) (contract NSC-94-2112-M-
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We report on a high-power, diode-pumped, self-mode-locked laser at 1342 nm with the Kerr effect arising
from large third-order nonlinearity of Nd:YVOy, crystal. At the pump power of 10.2 W, the average output
power of 1.2 W was generated with a repetition rate in the range of 2—6 GHz. The mode-locked pulse width
can be smoothly varied from 11.5 to 37 ps by controlling the amount of spatial hole burning. © 2009 Optical

Society of America
OCIS codes: 140.4050, 140.3580, 140.3480.

Numerous Nd-doped crystals have been developed
for generating 1.3 um lasers at cw or pulsed opera-
tion [1-5], because light sources at 1.3 um have a
wide variety of applications such as telecommunica-
tions, fiber sensing, range finding, and data storage.
Nd-doped yttrium vanadate (Nd:YVO,) has been
identified as an excellent laser host material for
diode-pumped solid-state lasers. Recent studies have
further proved that YVO, crystals have a large value
of third-order susceptibility [6] that has been ex-
ploited for efficient stimulated Raman scattering con-
version [7-10]. More recently, it has also been dem-
onstrated that the large third-order nonlinearity of
Nd:YVO, crystals can be used to achieve an efficient
self-starting Kerr-lens mode-locking operation at fre-
quencies of several gigahertz [11]. This demonstra-
tion offers the promising prospect of developing a
compact self-starting mode-locked Nd:YVO, laser at
1.34 um.

In this Letter we report for the first time a compact
multigigahertz, self-starting, mode-locked 1.34 um
Nd:YVO, laser without the need for any additional
components. With an incident pump power of 10.2 W,
the miniature linear laser cavity produces average
output powers up to 1.2 W with repetition rates in
the range of 2.0-6.0 GHz. The mode-locked pulse
width can be varied smoothly from 11.5 to 37 ps by
controlling the amount of spatial hole burning by
moving the gain medium within the cavity [12].

An experimental setup is shown schematically in
Fig. 1. The cavity configuration is a simple concave-
plano resonator. The gain medium is a-cut 0.25 at. %
Nd:YVO, crystal with dimensions of 3 mm X3 mm
X 10 mm. Both end surfaces of the Nd:YVO, crystal
were antireflection coated at 1342 nm and wedged 2°
to avoid the Fabry—Perot etalon effect. The laser
crystal was wrapped with indium foil and mounted in
a water-cooled copper holder. The water temperature
was maintained at =20°C to ensure stable laser out-
put. The input mirror was a 50 cm radius-of-
curvature concave mirror with antireflection coating
at 808 nm on the entrance face and with high-
reflectance coating at 1342 nm (>99.8%) and high-
transmittance coating at 808 nm on the second sur-
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face. A flat wedged output coupler with 7%
transmission at 1342 nm was used throughout the
experiment. The pump source was a 12 W, 808 nm
fiber-coupled laser diode with a core diameter of
200 um and NA of 0.22. A focusing lens with 5 mm
focal length and 85% coupling efficiency was used to
reimage the pump beam into the laser crystal. The
average pump size was approximately 130 um. The
optical cavity length was varied between 2.5 and
7.5 cm for a corresponding free spectral range of
6 to 2 GHz. The separation between the laser crystal
and the input mirror d could be freely adjusted in the
range of 1-10 mm. It has been verified that the
crystal/mirror separation may be exploited to control
the amount of spatial hole burning [12].

The mode-locked pulses were detected by a high-
speed InGaAs photodetector (Electro-optics Technol-
ogy Inc. ET-3500, with rise time of 35 ps) whose out-
put signal was connected to a digital oscilloscope
(Agilent, DSO 80000) with 12 GHz electrical band-
width and sampling interval of 25 ps. The output sig-
nal of the photodetector was also analyzed by a radio
frequency spectrum analyzer (Advantest, R3265A)
with a bandwidth of 8 GHz. The spectral information
of the laser was monitored by a Fourier optical
spectrum analyzer (Advantest, Q8347) containing
a Michelson interferometer with resolution of
0.003 nm.

The laser cavity was first aligned to obtain the
maximum average output power. Under this circum-
stance, the laser output was found to exhibit a spon-
taneous mode locking with fairly small amplitude

Autocorrelator

\ Optical spectrum
J;_‘e,, analyzer

Laser diode

_ Wedged High speed
Nd:YVO, F photo-detector —
< B e g " Digital
QB r i y oscilloscope
H
Coupling lens P RF spectrum analyzer
— ! —
d

Fig. 1. (Color online) Schematic of a diode-pumped self-
mode-locked Nd:YVO, laser at 1342 nm.

© 2010 Optical Society of America
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fluctuations. With fine adjusting of the cavity, the
amplitude instability was minimized to obtain a
nearly perfect stable mode-locking operation. The av-
erage output power of the stable cw mode locking was
found to be approximately 65% of the maximum av-
erage output power. Figure 2 depicts the average out-
put power at 1342 nm with respect to the incident
pump power in the optimum power-output operation
and in the mode-locked operation with a frequency of
3.365 GHz. In the optimum power-output regime the
laser had a slope efficiency of 20.1%; the output
power reached 1.85 W at an incident pump power of
10.2 W. As shown in Fig. 2, the laser had a slope ef-
ficiency of 13%; the output power reached 1.2 W at an
incident pump power of 10.2 W. It can also be seen
that the average output power was nearly indepen-
dent of the crystal/mirror separation d.

Note that once the pump power reaches the lasing
threshold, the laser system instantaneously steps
into a stable mode-locked operation, i.e., no threshold
for the self-mode-locking. The thermal lens in the
gain medium was estimated to be 20-30 cm at a
pump power of 10 W. The mode sizes in the gain me-
dium and on the output coupler were calculated to be
~190 um and 170 um, respectively. The overall M?
beam quality factor was found to be better than 1.4.
The transverse beam profile did not reveal significant
change between the optimum power output and the
mode-locking regime. It is worth mentioning that the
wedge shape of the output coupler is vital for obtain-
ing a completely stable mode-locked operation. When
an output coupler without a wedge is used in the la-

500 ns/div
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ser cavity, the pulse trains exhibit incomplete mode-
locking with ¢w background to a certain extent.

Figures 3(a) and 3(b) show the pulse trains on two
different time scales, one with time span of 5 ns,
demonstrating mode-locked pulses, and the other
with time span of 5 us, demonstrating the amplitude
stability. It can be seen that the pulse trains display
full modulation and complete mode-locking is
achieved. The power spectrum reveals that the rela-
tive frequency deviation of the power spectra Av/v is
experimentally found to be significantly smaller than
10~* over day-long operation, where v is the center
frequency of the power spectrum and Av is the fre-
quency deviation of FWHM. Experimental results re-
veal that the laser system can be stably operated in a
single-pulse mode-locked state as long as the cavity
length is shorter than ~7.5 cm (mode-locked repeti-
tion rate >2 GHz). For cavity length longer than
8.5 cm, a single pulse per round trip was usually ob-
served to split into several pulses. This characteristic
is the same as the result in self-mode-locked lasers at
1.06 um [11].

The pulse width during cw mode-locked operation
was measured with an autocorrelator (APE Pulse
Check, Angewandte Physik & Elektronik GmbH).
For a crystal/mirror separation of d=1 mm, the
FWHM of the autocorrelation trace was measured to
be 17.3 ps, as shown in Fig. 4(a). Assuming a
sech?-shaped temporal profile, the pulse width was
thus estimated to be 11.5 ps. Figure 4(b) shows the
FWHM width of the optical spectrum to be approxi-
mately 0.22nm at the central wavelength of
1342.1 nm. Consequently, the time—-bandwidth prod-
uct of the mode-locked pulse is 0.43, indicating the
pulses to be frequency-chirped. Even though the
pulse width is slightly longer than the 7.3 ps ob-
tained in a passively mode-locked laser with semicon-
ductor saturable absorber [13], the average output
power of 1.2 W is significantly higher than the result
in that case of 40 mW. More important, the self-
mode-locked operation can be implemented without
the need for any additional components. To confirm
the peak power of the pulses, an experiment of the
extra-cavity second-harmonic generation (SHG) was
performed. The conversion efficiency for the average
power was found to be enhanced by approximately 10
times, quite consistent with the theoretical simula-
tion. The ratio of the peak to background for the SHG
power was found to be increased by up to 2 orders of
magnitude.

It was demonstrated [12] that the pulse width in
diode-end-pumped actively mode-locked lasers can be

500 ps/div

Fig. 3. (Color online) Pulse trains on two different time scales: (a) time span of 5 us, demonstrating mode-locked pulses;

(b) time span of 5 ns, demonstrating amplitude oscillation.
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adjusted by changing the crystal/mirror separation d
to control the amount of spatial hole burning. This
spatial-hole-burning effect is also speculated to be
functioning in passively mode-locked lasers. We use
the present simple linear cavity to investigate the
pulse-width dependence on the crystal/mirror separa-
tion. With increasing crystal/mirror spacing up to
10 mm, the mode-locked pulse width varies smoothly
from 11.5 to 37 ps, and the spectral bandwidth varies
from 37 to 12 GHz, as shown in Fig. 5. This result
confirms the speculation that spatial hole burning is
also effective in passively mode-locked lasers [12].
In conclusion, we have realized a compact efficient
self-mode-locked 1.34 um Nd:YVO, laser in which
the pulse repetition rate can be operated in the range
of 2—6 GHz. The average output power was up to
1.2 W at an incident pump power of 10.2 W, which
gives an optical conversion efficiency of 11.7%. The
mode-locked pulse width could be smoothly varied
from 11.5 to 37 ps by increasing the crystal/mirror

40 1 1 1 1 1 1 1 ) 40
®  Pulse width p
3 " Bandwidth 1%
@ 30 30 %
'5 N
-'§ 25 25 8
: :
£ 20 20 E
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Fig. 5. (Color online) Mode-locked pulse width and band-

width as functions of the crystal/mirror separation.
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(Color online) (a) Autocorrelation trace of the output pulses from the cw mode-locked Nd:YVO, laser; (b) corre-

separation from 1 mm to 10 mm to control the
amount of spatial hole burning. We believe that a
compact efficient GHz self-mode-locked Nd:YVO, la-
ser at 1.34 um can be a potential light source for
many applications such as high-capacity telecommu-
nication systems, photonic switching devices, optical
interconnections, and optical clocking.

The authors thank the National Science Council of
Taiwan (NSCT) for their financial support of this re-
search under contract NSC-97-2112-M-009-016-MY3.

References

1. O. Musset and J. P. Boquillon, Appl. Phys. B 64, 503
(1997).

2. H. J. Zhang, J. H. Liu, J. Y. Wang, X. G. Xu, and M. H.
Jiang, Appl. Opt. 44, 7439 (2005).

3. H. T. Huang, J. L. He, C. H. Zuo, H. J. Zhang, J. Y.
Wang, and H. T. Wang, Appl. Phys. B 89, 319 (2007).

4. Y. F. Chen, L. J. Lee, T. M. Huang, and C. L. Wang,
Opt. Commun. 163, 198 (1999).

5. R. Zhou, S. C. Ruan, C. L. Du, and J. Q. Yao, Opt.
Commun. 282, 605 (2009).

6. A. A. Kaminskii, K. Ueda, H. J. Eichler, Y. Kuwano, H.
Kouta, S. N. Bagaev, T. H. Chyba, J. C. Barnes, G. M.
A. Gad, T. Murai, and J. Lu, Opt. Commun. 194, 201
(2001).

. Y. F. Chen, Opt. Lett. 29, 1251 (2004).

. Y. F. Chen, Opt. Lett. 29, 1915 (2004).

. F. Su, X. Y. Zhang, Q. Wang, S. Ding, P. Jia, S. Li, S.

Fan, C. Zhang, and B. Liu, J. Phys. D 39, 2090 (2006).

X. H. Chen, X. Y. Zhang, Q. P. Wang, P. Li, and Z. H.

Cong, Laser Phys. Lett. 6, 26 (2009).

H. C. Liang, R. C. C. Chen, Y. J. Huang, K. W. Su, and

Y. F. Chen, Opt. Express 16, 21149 (2008).

C. J. Flood, D. R. Walker, and H. M. van Driel, Opt.

Lett. 20, 58 (1995).

G. J. Spiihler, L. Krainer, V. Liverini, R. Grange, M.

Haiml, S. Pawlik, B. Schmidt, S. Schon, and U. Keller,

IEEE Photon. Technol. Lett. 17, 1319 (2005).

© 0 3

10.

11.

12.

13.






3842

OPTICS LETTERS / Vol. 34, No. 24 / December 15, 2009

Picosecond optical vortex converted from
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We report on a gigahertz self-mode-locked high-order Hermite—Gaussian (HG) Nd:GdVO, laser. With a
pump power of 2.2 W, the average output power for the TEM, ,, modes from m=9 to m=0 are among
350—780 mW at a repetition rate of 3.5 GHz. The mode-locked pulse width is in the range of 20—25 ps for
various HG TEM, ,, modes. With a simple cylindrical-lens converter, the mode-locked HG beams are con-
verted to generate picosecond optical vortex pulses. © 2009 Optical Society of America

OCIS codes: 140.4050, 140.3480, 080.4865.

Optical vortex beams [1,2] that possess orbital angu-
lar momentum because of a phase singularity have
been extensively used in the study of optical tweezers
[3-7], trapping and guiding of cold atoms [8-10], ro-
tational frequency shift [11,12], and entanglement
states of photons [13]. Several devices, including spi-
ral phase plates [14], computer-generated holo-
graphic converters [15], and astigmatic mode con-
verters (AMC) [16], have been successfully
demonstrated to transform high-order Hermite—
Gaussian (HG) modes into optical vortex beams.

Optical vortex pulses have recently been attracting
great interest because they can open up various
fields, including high-quality material processing
[17], controllable specificity of chiral matter [18], and
nonlinear frequency conversion [19]. Furthermore,
optical vortex pulses in picosecond or femtosecond la-
ser fields can be potentially utilized to investigate
high-field laser physics [20—23]. However, AMC can-
not be used directly, since conventional mode-locked
lasers are usually designed to emit the fundamental
TEM,, mode. Therefore, it is highly desirable to de-
velop high-order HG mode-locked lasers for generat-
ing ultrafast vortex pulses.

Recently, the large third-order nonlinearities of
Nd-doped vanadate crystals have been successfully
exploited to achieve the self-starting self-mode-
locking operation without the need of any additional
components [24]. In this Letter we report for the first
time (to our knowledge) on a multigigahertz self-
mode-locked high-order HG Nd-doped GdVO, laser
with an off-axis pumping scheme. With a pump
power of 2.2 W, the average output powers for
3.5 GHz mode-locked HG modes vary in the range of
350-780 mW for the TEM, ,, modes from m=9 to m
=0. The mode-locked pulse width is found to be ap-
proximately 20—25 ps for various HG TEM,, ,, modes,
with m=0-9. We also use simple AMC to convert the
mode-locked HG TEM,,, beams into Laguerre—
Gaussian (LG) modes for generating picosecond opti-
cal vortex pulses.

0146-9592/09/243842-3/$15.00

Figure 1 depicts the experimental setup for the
self-mode-locked high-order HG TEM, ,, laser with
an off-axis pumping scheme [25,26]. The cavity con-
figuration is a simple concave-plano resonator. The
active medium is an a-cut 0.25 at. % Nd:GdVO, crys-
tal with a length of 10 mm. Both end surfaces of the
Nd:GdVO, crystal were antireflection coated at
1064 nm and wedged 2° to suppress the Fabry—Perot
etalon effect. The laser crystal was wrapped with in-
dium foil and mounted in a water-cooled copper
holder. The water temperature was maintained
around 20°C to ensure stable laser output. The laser
crystal was placed very near (2—3 mm) the input
mirror, which was a 50 ¢cm radius-of-curvature con-
cave mirror with antireflection coating at 808 nm on
the entrance face and with high-reflectance coating
at 1064 nm (>99.8%) and high transmittance coat-
ing at 808 nm on the second surface. A flat wedged
output coupler with 15% transmission at 1064 nm
was used throughout the experiment. The pump
source was a 2.5 W, 808 nm fiber-coupled laser diode
with a core diameter of 100 um and an NA of 0.16. A
focusing lens with 5 mm focal length and 85% cou-
pling efficiency was used to reimage the pump beam
into the laser crystal. The average pump size was ap-
proximately 70 um. The optical cavity length was set

High-speed
photodetector

Digital oscilloscope/
®— Power spectrum
()~

Laser diode

Output
coupler

- 2 ()=

LI ()
= :.4;..: - - ‘\"Q\': Optical spectrum
g analyzer
Coupling lens
Nd:GdvO,

Fig. 1. (Color online) Schematic of a self-mode-locked
high-order HG TEM, ,, laser with an off-axis pumping
scheme.

© 2009 Optical Society of America
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to be approximately 4.3 cm with the corresponding
free spectral range (FSR) of 3.5 GHz.

First of all, the pumping beam was focused right on
the optical axis of the laser cavity to obtain the maxi-
mum output power for the TEM, , mode. After finely
adjusting the cavity alignment, the laser output can
be found to display a stable self-mode-locking opera-
tion. Subsequently the high-order HG TEM, ,, mode-
locked lasers can be generated with off-axis pumping
[25,26]. The larger the off-axis displacement Ax is,
the higher the HG TEM,, ,, order is. With varying Ax
from O to 0.5 mm, the average output power was
found to decrease gradually from 780 to 350 mW at a
pump power of 2.2 W, as shown in Fig. 2. Ten HG
TEM, ,, modes were generated during the variation
of off-axis displacement. The inset of Fig. 2 shows the
experimental patterns that were measured using a
CCD camera. All observed HG TEM,,, modes are
found to be in the pure longitudinal mode-locking re-
gime. Note that once the pump power reaches the las-
ing threshold, the laser system instantaneously steps
into a stable mode-locked operation without any me-
chanical perturbation. The locking mechanism is pre-
sumed to be the Kerr effect. However, the laser sys-
tem has high stability over day-long operation and is
insensitive to mechanical vibrations and air current.
As a result, some auxiliary mechanism seems to exist
in the locking process. Bai et al. [27] proposed a novel
self-mode-locking mechanism in narrowband lasers
based on the analysis of the gain-line splitting in-
duced by an intracavity laser field. Although the
present experimental results are fairly consistent
with this mechanism, further identification is still
needed.

The mode-locked pulses were detected by a high-
speed InGaAs photodetector (Electro-optics Technol-
ogy, Inc. ET-3500 with rise time 35 ps), whose output
signal was connected to a digital oscilloscope (Agilent
DSO 80000) with 10 GHz electrical bandwidth and a
sampling interval of 25 ps. Figures 3(a) and 3(b)
show the pulse trains for the TEM,, ; mode on two dif-
ferent time scales, one with time span of 5 ns, dem-
onstrating mode-locked pulses, and the other with

0.8 Pump power of 2.2 W |

4
o

S
o

Average output power (W)
(=]
>
1

0.0 ] 1 1 1 1
0.0 0.1 0.2 0.3 0.4 0.5
Off-axis displacement Ax (mm)
Fig. 2. (Color online) Dependence of the average output

power on the variation off-axis displacement. Inset, trans-
verse patterns observed in the mode-locked operation.
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Fig. 3. (Color online) Pulse trains on two different time
scales: (a) time span of 5 us, demonstrating mode-locked
pulses; (b) time span of 5 ns, demonstrating the amplitude
oscillation. (¢) Autocorrelation trace of the output pulses.
(d) Corresponding optical spectrum. All results are for HG
TEM, 5 mode.

time span of 5 us, demonstrating the amplitude sta-
bility. It can be seen that the pulse trains display full
modulation, and the complete mode locking is
achieved. The corresponding power spectrum is mea-
sured by an rf spectrum analyzer (Advantest,
R3265A) with bandwidth of 8.0 GHz. Experiment re-
sults reveal that the relative frequency deviation of
power spectrum, Av/v, is smaller than 10~* over day-
long operation, where v is the center frequency of the
power spectrum and Av is the frequency deviation of
FWHM. The laser was cw mode locked at 3.5 GHz
with only weak noise at the relaxation oscillation fre-
quency around 2 MHz, and the difference between
the peak of mode-locked frequency and that of relax-
ation oscillation frequency was experimentally found
to be larger than 55 dBm. The overall characteristics
are almost the same as the results observed for the
self-mode-locked fundamental TEM, , mode [24]. The
pulse width at the cw mode-locked operation was
measured with an autocorrelator (APE pulse check,
Angewandte physik & Elektronik GmbH). Assuming
the sech?-shaped temporal profile, the FWHM was
measured to be in the range of 20-25 ps for HG
TEM,,, modes with m=0-9. The result for the
TEM, 5 mode is shown in Fig. 3(c). The spectral infor-
mation of the laser was monitored by a Fourier opti-
cal spectrum analyzer (Advantest, Q8347) that is
constructed with a Michelson interferometer with
resolution of 0.003 nm. Figure 3(d) shows the optical
spectrum for the TEM, ; mode. It can be seen that
the longitudinal mode with 3.5 GHz is clearly re-
solved and the FWHM of the spectrum is approxi-
mately 0.1 nm. Consequently, the time-bandwidth
product of the mode-locked pulse is approximately
0.4, indicating the pulses to be frequency chirped. On
the whole, there are no significant difference for the
mode-locked performances of the HG TEM, ,, modes
with m=0-9.

The mode-locked HG TEM, ,, beam was converted
into the mode-locked LG TEM,,, beam with a
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cylindrical-lens mode converter outside the laser
resonator, as shown in Fig. 4(a). The focal length of
the cylindrical lenses was f=25 mm, and the distance
was precisely adjusted to be \Ef for the operation of
the #/2 converter. Figure 4(b) depicts the results of
the transformation of HG modes, shown in Fig. 2, to
the corresponding LG modes. It can be seen that the
mode-locked LG TEM, ,, modes are successfully gen-
erated for azimuthal index from 0 to 9.

In conclusion, we have realized an efficient
3.5 GHz self-mode-locked Nd:GdVO, laser for HG
TEM, ,, modes with m=0-9. The average output
powers for the TEM,,, modes from m=9 to m=0
were among 350—780 mW at a pump power of 2.2 W.
The mode-locked pulse width was found to be in the
range of 20-25 ps for various HG TEM, ,, modes.
With a simple cylindrical-lens converter, the picosec-
ond optical vortex pulses have been generated by con-
verting the mode-locked HG beams into LG modes.
We believe that the generated picosecond optical vor-
tices can be potentially beneficial to a number of ap-
plications.

The authors thank the National Science Council
(NSC)for their financial support of this research un-
der contract NSC-97-2112-M-009-016-MY3.
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Fig. 4. (Color online) (a) Schematic of a cylindrical-lens
mode converter. (b) Converted LG modes transformed from
the HG modes shown in Fig. 2.
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The origin of the direction emission from a microcavity is investigated with a large-aperture surface-
emitting laser with an equilateral-triangular shape. Experimental results reveal that a wide-spread eigen-
mode and a localized superscar mode can display quite similar far-field directional emissions. This experi-
mental finding is theoretically confirmed with the quantum-billiard wave function and the approximation of
the paraxial propagation. © 2009 Optical Society of America

OCIS codes: 140.3410, 140.5960, 260.5740.

Optical microcavities, regarded as billiards for light,
have great potential for applications in miniature la-
sers, optoelectronics, and biological sensors [1-3]. In
the aspect of basic research on modern physics,
microcavity lasers have been recently used to inves-
tigate the ray—wave correspondence in mesoscopic
systems [4-6]. The directional emissions in chaotic
microdisk lasers are usually interpreted with the
concept of quantum scar effect that signifies the wave
patterns to be localized on the isolated and unstable
periodic orbits (POs) [7]. To be distinguishable, the
resonant modes associated with the stable and non-
isolated POs are called the superscar or quasi-scar
modes [8-10]. The superscar modes have been theo-
retically studied in square [11], equilateral-
triangular [12], and circular quantum billiards [13].
In experiments, microdisk lasers have been recently
employed to explore the characteristics of resonant
modes in square [14] and equilateral-triangular
[15,16] cavities. Since the spatial morphologies of the
lasing modes cannot be directly observed from the
lateral radiation of microdisk lasers, the directional
emission is often identified to originate from the su-
perscar modes. However, the correspondence be-
tween the directional emission and the spatial local-
ization in laser modes has not been investigated yet.

In contrast to two-dimensional (2D) microdisk
lasers, the vertical-cavity surface-emitting lasers
(VCSELSs) are designed to have a dominant longitu-
dinal wave vector k, that can bring out the near-field
patterns to be directly reimaged with simple optics.
Recently, the transverse modes of the oxide-confined
VCSELs have been verified to be analogous to the
wave functions in the 2D quantum billiards with the
shapes the same as the lateral confinements [17-19].
This analogy enables us to clarify the correspondence
between the far-field emission and the near-field mor-
phology in microcavity lasers. In this Letter we use a
large-aperture equilateral-triangular VCSEL to ex-
plore the relationship between the far-field emission
and the near-field morphology. Experimental results
reveal that a wide-spread eigenmode can display a
far-field directional emission quite similar to that
emitted from a superscar mode. We also use the wave

0146-9592/09/121810-3/$15.00

functions of the eigenstates and the coherent states
to numerically confirm the experimental observation.
Our finding indicates that the far-field directional
emission from a microcavity is just a necessary not
sufficient condition for the emergence of a superscar
mode.

First of all, we present a brief synopsis for the
near- and far-field characteristics of lasing modes
emitted from an oxide-confined VCSEL. The separa-
bility of the wave function in the VCSEL device en-
ables the wave vectors to be decomposed into %, and
k,, where k, is the wave-vector component along the
direction of vertical emission and &, is the transverse
wave-vector component. Under the circumstance of
paraxial optics, k,<k,, the longitudinal field is sig-
nificantly small in comparison with the transverse
field. Therefore, the electric field can be approxi-
mated to have only transverse components and no
longitudinal component, i.e., the so-called quasi-TEM
waves. After separating the z component in the wave
equation, we are left with a 2D Helmholtz equation
(V?+kt2)¢(x,y)=0, where V? means the Laplacian op-
erator operating on the coordinates in the transverse
plane and i(x,y) is a scalar wave function that de-
scribes the transverse distribution of the laser mode.
Consequently, the transverse modes of the oxide-
confined VCSEL device are equivalent to the eigen-
functions of the 2D Schrodinger equation with hard
wall boundaries of the same geometry. Based on the
paraxial approximation, the resonant mode ,(x,y)
that emits from the cavity boundary z=0 to the sur-
roundings in the direction of the +z axis can be ex-
pressed as the Fresnel transformation,

ie—ikz
W, 3,2) = f ay’ f ax’
A\Z

ik [(x-x)+ (y ~')’]
Xexpy — E

holx',y").
1)

In the far-field region, z>x' and z>y’, Eq. (1) can be
reduced to be the Fraunhofer diffraction formula,
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jeikz ik(x? +y?)
w(xay5z) = exp| — f dy,f dx'
\z 2z

tk(xx' +yy')
Xexp _f zﬂo(x’,y’). (2)

In this regime, (x,y,z) is just the 2D Fourier trans-
form of ¢,(x’,y') except for a multiplicative phase fac-
tor, which does not affect the intensity of the light. To
be brief, the near- and far-field transverse patterns of
an oxide-confined VCSEL represent the coordinate-
and momentum-space wave functions of a 2D quan-
tum billiard, respectively.

The schematics of the laser device structure and
the experimental setup are shown in Fig. 1. The edge
length of the oxide aperture was measured to be ap-
proximately 66.8 um. The VCSEL device was placed
in a cryogenic system with a temperature stability of
0.01 K in the range of 80-300 K. The near-field pat-
terns were reimaged into a charge-coupled device
(CCD) camera (Coherent, Beam Code) with an objec-
tive lens (Mitsutoyo, NA of 0.9). As found in our pre-
vious study, the typical lasing modes include the hon-
eycomb eigenmode and the superscar mode. Here the
far-field patterns are measured with a CCD placed
behind a screen. Figure 2 shows the experimental
near-field morphologies [Figs. 2(a)-2(c)] and the cor-
responding far-field patterns [Figs. 2(ar)-2(cr)] for
the honeycomb eigenmode, the superscar mode, and
the chaotic mode. It can be seen that the near-field
patterns for the honeycomb eigenmode and the su-
perscar mode are conspicuously different; however,
their far-field patterns display fairly similar direc-
tional emission. The directional emission for a super-
scar mode can be easily traced from its localization in
the near-field feature. It is demanding, however, to
associate the directional emission with a honeycomb
lasing mode. Therefore, this finding deserves to be
confirmed with theoretical analysis.

Setting the three vertices to be at (0,0),
(@/2,y3a/2), and (-a/2,y3a/2), where a is the side
length, the eigenstates of the equilateral-triangular
billiard are given by [19]

16
" i 2mx/3
q)m,n(x7y) = a23 ”f_ i(m+n)(2mx/3a)
Y
. 2wy
Xsin (m—n)7
\”3&
2
+eI(2m—n)(27'rx/3a) sinl n /7—7_')’
\J3(l
2
\s'3a

with 2n=m. The -eigenstates CD;,n(x,y) embody
the traveling waves. The eigenstates for the stand-
ing waves can be given by S; (x,y)=®, .(x,y)
J_rcb;’n(x,y). In terms of S, ,(x,y), the experimental
honeycomb pattern shown in Fig. 2(a) can be well re-
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Fig. 1. (Color online) Schematics of the laser device struc-
ture and the experimental setup.

constructed with m=6 and n=60, as depicted in Fig.
3(a).

On the other hand, the wave functions for the su-
perscar modes can be represented with the coherent
states and given by [12,19]

M-1

Vi a,y3p,q,9) = = >, e Ked

+
my+pK,n +q(M-1-K) (x,y),
\ K=0

(4)

with m,=(p+2¢)N and n,=(2p+q)N, where m, and
n, indicate the order of the coherent state and M
stands for the number of eigenstates that are in-
volved in the superposition. Note that the param-
eters (p,q,¢) are used to classify the POs in the
equilateral-triangular billiard, where the parameters
p and g are nonnegative integers with the restriction
that p=¢q and the parameter ¢ is in the range of
-7 to 7 [12]. In the same way, the traveling-wave
form ‘PZJ‘{,M(x,y ;P,q,9) can be used to express the
standing-wave representation as C;—(,’M(x,y; D,q,¢)
=Wy u,y;p,q,0) =V y(x,y;p,q,9). In terms of
Cyux,y;p,q,¢), the experimental superscar pattern
shown in Fig. 2(b) can be well reconstructed with N
=22, M=6, and (p,q,¢)=(1,1,0.37), as depicted in
Fig. 3(b).

With the theoretical wave functions Sg g(x,y) and
Cho6x,y;1,1,0.3m), we use Eq. (2) to calculate the
corresponding far-field patterns. Figures 3(as) and
3(br) depict the calculated far-field patterns for the
modes Sg go(x,y) and C§276(x,y;1,1,0.377), respec-
tively. The far-field patterns for the modes Sg g(x,y)

Fig. 2. (Color online) Experimental near-field morpholo-
gies: (a) honeycomb eigenmode, (b) superscar mode, (c) cha-
otic mode. The far-field patterns (ar), (br), and (cs) corre-
spond to (a), (b), and (c), respectively.
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Fig. 3. (Color online) (a) Numerical wave pattern
IS§ 60x,¥)|? corresponding to the experimental honeycomb
pattern shown in Fig. 2(a). (b) Numerical wave pattern
|Cop6x,51, 1,0.3m)|? corresponding to the experimental
patterns shown in Fig. 2(b). (¢c) Reconstructed wave pattern
corresponding to the experimental patterns shown in Fig.
2(c). The far-field patterns (ar), (br), and (cr) correspond to
(a), (b), and (c), respectively.

and Cj, 4(x,y;1,1,0.37) can be found to exhibit simi-
lar directional emissions, in good consistency with
the experimental results shown in Figs. 2(as) and
2(br). As a consequence, we can confirm that the far-
field directional emission is just a necessary not suf-
ficient sign for the emergence of a superscar mode.
Finally, we employed the method described in [20] to
reconstruct the wave function for the experimental
chaotic mode shown in Fig. 2(c). With the recon-
structed wave function, the far-field pattern was cal-
culated with Eq. (2). It can be seen that the numeri-
cal results depicted in Figs. 3(c) and 3(c’) agree very
well with the experimental results shown in Figs.
2(c) and 2(cr), respectively. The excellent agreements
between the experimental and reconstructed results
both in near- and far-field patterns confirm our
physical analyses and experimental observations.

In conclusion, we have experimentally investigated
the relationship between the far-field emission and
the near-field morphology with a large-aperture
equilateral-triangular VCSEL. It was found that not
only the localized superscar mode but also the wide-
spread eigenmode may radiate very similar far-field
directional emission. Based on the quantum-billiard
wave function and the paraxial approximation, we
have successfully confirmed the experimental finding
that the far-field directional emission from a micro-
cavity is just a necessary not sufficient condition for

OPTICS LETTERS / Vol. 34, No. 12 / June 15, 2009

the emergence of a superscar mode. More impor-
tantly, the present result can provide what we believe
to be a new prospect in designing a microcavity laser
with directional emissions.

The authors acknowledge the National Science
Council of Taiwan (NSCT) for their financial support
of this research under contract NSC-95-2112-M-009-
041-MY2.
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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

where n, =

2
1.12 l 1
A(R)=——"" |33 4 ]p +L, +In4 @)
P Gg, (1+}/)2{ cr, JR,
with the gain coefficient
2hoy0 0, dy 1)
G= of "n 3)

2
nyn n, & C

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.

(@ R=60% : 20ns/div | | (b) Ry=50% 20ns/div | | (©) Re=15% 20 ns/div |
| | oy |
i ik 1064 nm j\\ / s -xww‘m__!
FRV il R e N T E: [\vmrnio 1064 nm I I 1064 nm™
{ [ O ST . ‘
..... 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 1 1 1 1

0.0 0.2 0.4 0.6 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%.
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The transient dynamics of the eigenstates and coherent states released from a square quantum billiard is
analytically and numerically investigated. It is experimentally verified that this transient dynamic can be
analogously observed with the free-space propagation of the lasing modes emitted from the laterally
confined, vertically emitted cavities. Furthermore, we exploit a chaotically shaped cavity to originally
demonstrate the diffraction-in-time characteristics of the chaotic wave functions. It is found that the
transient patterns of chaotic wave functions exhibit a striking feature of random branching behavior with

the appearance of intricate interference fringes.

DOI: 10.1103/PhysRevLett.102.044101

One of the most relevant quantum transient phenomena
in matter waves is the diffraction-in-time effect for a
suddenly released coherent beam, which appears to have
first been introduced by Moshinsky in 1952 [1]. The hall-
mark feature of the diffraction-in-time effect is the tempo-
ral quantum interference patterns, by analogy with the
spatial interference patterns of light diffracted by a sharp
edge [2-5]. The experimental test for this effect was indeed
hard to reach at the time of its first introduction. However,
because of the development of an ultrafast laser [6], atom
cooling, and optical trapping [7], the transient dynamics
has been recently observed in a wide variety of systems
including neutrons [8], ultracold atoms [9], electrons [10],
and Bose-Einstein condensates [11].

Another physical connection to the diffraction-in-time
effect would be the transient response to abrupt changes of
the confined potential in semiconductor structures and
quantum dots [12,13]. Semiconductor quantum dots, in
which electronic motion is predominately ballistic in na-
ture, have been widely used as two-dimensional (2D)
quantum billiards to explore the properties of quantum
chaos [14-16]. Understanding the time evolution of sud-
denly released quantum-billiard waves has some important
applications, as it can provide the nanostructure transport
properties for developing novel ultrahigh-speed semicon-
ductor devices [12]. Moreover, it is closely related to atom
laser dynamics from a tight waveguide whose boundary
shape can be modified with the laser trapping beam
[13,17]. Nevertheless, the investigation for the transient
dynamics of 2D quantum-billiard coherent waves has not
been performed as yet.

In this Letter we first theoretically investigate the
diffraction-in-time effect of quantum eigenstates in square
billiards. We further use the analytical result to explore the
transient dynamics of the quantum coherent states that
have intensities to concentrate on the classical periodic
orbits. With the numerical visualization and experimental
identification, we verify that the transient dynamics of
coherent waves suddenly released from quantum billiards

0031-9007/09/102(4)/044101(4)
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can be analogously observed with the free-space propaga-
tion of the lasing modes emitted from the laterally confined
vertically emitted cavities. More importantly, we design a
chaotically shaped laser cavity to experimentally demon-
strate for the first time the characteristics of the diffraction
in time of the chaotic billiard waves.

The 2D square billiard is one of the simplest billiards in
classical mechanics [18,19]. The quantum -eigenstates

sa(x y) for the vertices are at (*a/2, *a/2) and
(*a/2, ¥a/2) and are given by

,5(x,y) = (2/a)sink; (x + a/2)]sin[k;(y +a/2)], (1)

where k, = nm/a (n =1,2,3,...) and a is the length of
the square boundary. In terms of the 2D free propagator,
the free time evolution of the eigenstates ¢ ; ;(x, y) sud-
denly released at time ¢ = 0 is given by [1,2]

m a/?2 a/2
Vi, y, 1) = ; / dy’/ dx" gz 5 (x', y")
’ 2miht J-a)2 —a/2 ’
im [(x —x)2 + (y = y')?]
X — . 2
eXp{zh : } @

Substituting Eq. (1) into (2), after some algebra, the wave
function ¢ ; 7(x, y, 1) is given by

e_(i/h)E;a,ﬁl
Wiy, 1) = T iBa

X [G(yr tv kﬁ’ a) - G(y! ta _kﬁr a)]’ (3)

[G(.x, t, kﬁl’ a) - G(-x, t7 _kﬁp a)]

with
G(x’ I krhr a) = el‘k,;‘(x+ll/2)[F(§(x - a/z! I kn'/l))

— F(&(x + a/2, t; k)] “4)
where Ej, ; = (k% + k2)(2m), F(£) is the complex Fres-
nel integral, F(&) = fg exp(imu?/2)du, and the integral’s
argument is given by &(x, 1; k) = /m(arht)[(hkt/m) — x].

Figures 1(a)-1(f) depict the numerical results calculated
with Eq. (3) and the parameters of (7, /1) = (25,25) to
illustrate the wave patterns | ¢ ; (x, y, )|*> at 1 = 0, 0.17,

© 2009 The American Physical Society
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FIG. 1 (color online).

Numerical patterns calculated with Eq. (3) and the parameters of (7, /1) = (25, 25) to illustrate the wave

patterns |lﬁ,;,,ﬁ(x, v, 1)? at (a) t = 0, (b) 0.1T, (c) 0.25T, (d) 0.50T, (e) 1.0T, and (f) oo, where T is defined in the text.

0.25T, 0.507, 1.0T, and oo, where T = 2ma/hk,; corre-
sponds to the round trip time of the wave in the x direction.
The time-evolution wave distributions clearly exhibit
strong interference patterns in the time interval between
0.17 and T. Note that the wave function ¢ ; ;(x, y, 1) in an
infinite time is just the Fourier transform of the initial wave
function ¢ ;(x, y), corresponding to the momentum-
space representation. Therefore, the four-lobed beam pat-
tern in Fig. 1(f) reveals the momentum distribution.

The results of recent studies of open square quantum
dots show that the wave functions localized on classical
periodic orbits are not only the persistent states but also are
associated with the striking phenomena of conductance
fluctuations [14-16]. The primitive periodic orbits in a
2D square billiard can be described with three parameters
(p, ¢, @), where p and g are two positive integers describ-
ing the number of collisions with the horizontal and verti-
cal walls, and the phase factor ¢ is in the range of — 7 to 7
that is related to the wall positions of specular reflection
points [19]. Recently, we have employed the representation
of SU(2) coherent states to analytically establish the rela-
tion between the quantum wave functions and the classical
periodic orbits. As in the Schwinger SU(2) representa-
tion, the wave functions associated with periodic orbits

(p, q, ¢) is analytically expressed as \I’I’z;,‘,’f(x, y) =

¥y Cruxe™®? W Nt ok pn-gk (X, ¥), Where N represents
the order of the coherent state and

2M! 1/2
(M — K)\(M + K)!]

CM,K = 27M[

is the weighting coefficient. Note that the discussion for the
asymptotic property of the coherent states can be found in
Ref. [19].

The free time evolution of the coherent states

\I’]’i;,ﬁ‘f(x, y) suddenly released at time ¢ = 0 can be ex-
pressed as ‘I’I’z;"f(jZS (y, 1) =3 _,, Cyxe®?x
W N+ pk pn-gx (X, ¥, 7). Note that the coherent states

\Ifﬁ,ﬁ‘f (x, y) behave as the traveling waves in the transverse
plane. The standing-wave representation is given by

Sk (e y) = [WRA (o y) = W (n )]/ V2. Asare-
sult, the time evolution of the coherent states S,‘(,’j’,,i‘ﬁ(x, y)
suddenly released at time =0 can be expressed as
Skl (e v 1) = [WRE (6 v ) = WS40y D)/V2.
Figures 2(a)-2(f) illustrate the numerical patterns for the
wave patterns IS]’z;,%jf: (x, v, 1)|*> with the parameters of
(p,g)=(1,1), (N,M) = (42,6), and ¢ = 0.67 at t = 0,
0.087, 0.15T, 0.25T, 0.5T, and oo, where T = 2ma/hky
corresponds to the round trip time of the periodic orbit and
ky = Nr/a. It can be seen that the transient dynamics of
the coherent state displays not only the feature of classical
flow but also the salient interference patterns.

Similarities between paraxial optics and nonrelativistic
quantum mechanics have long been recognized and re-
cently been used to make analog studies of quantum wave
functions [20]. This correlation has been used to manifest
the spatial morphology of wave functions [21] and energy-
level statistics [22] in 2D quantum billiards with the oxide-
confined vertical-cavity surface-emitting lasers (VCSELSs).
The literatures [23] revealed that the chessboardlike pat-
terns of the eigenstates i/ ;(x, y) could be similarly gen-
erated with the lasing modes from phase-coupled VCSEL
arrays or photonic resonator crystals. In addition to reso-
nant stationary states, the free time evolution of quantum
wave functions can be expressed as an analogous way to
the free-space propagation of coherent lights. However, the
free-space propagation of the lasing modes had not been
investigated. Here we use the coherent lasing modes gen-
erated from the large-aperture VCSELS to experimentally
investigate the time evolution of the coherent state.

Schematics of the laser device structure and the experi-
mental setup are shown in Fig. 3. The separability of the
wave function in the VCSEL device enables the wave
vectors to be decomposed into k, and k,, where k, is the
wave-vector component along the direction of vertical
emission and k, is the transverse wave-vector component.
Under the circumstance of paraxial optics, k, < k_, the
longitudinal field is significantly small in comparison with
the transverse field. Therefore, the electric field can be

FIG. 2 (color online).

Numerical patterns for the wave patterns ISﬁ,',‘}(,,"/’ ' (x, y, )|* with the parameters of (p, ¢) = (1, 1), (N, M) =

(42,6), and ¢ = 0.67 at (a) r = 0, (b) 0.087, (c) 0.15T, (d) 0.25T, (e) 0.5T, and (f) co, where T is defined in the text.
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FIG. 3 (color online). Schematics of the laser device structure
and the experimental setup. (DBR is distributed Bragg reflector.)

approximated to have only transverse components and no
longitudinal component, i.e., so-called quasi-TEM waves.
After separating the z component in the wave equation, we
are left with a two-dimensional Helmholtz equation: (V? +
k2)i(x, y) = 0, where V? means the Laplacian operator
operating on the coordinates in the transverse plane and
Y (x, y) is a scalar wave function that describes the trans-
verse distribution of the laser mode. Consequently, the
transverse modes of the oxide-confined VCSEL device
are equivalent to the -eigenfunctions of the 2D
Schrodinger equation with hard wall boundaries of the
same geometry. The vertical cavity is formed by two
distributed Bragg reflectors and its optical length is de-
signed to be nearly one wavelength. The resonant optical
wave emitted from the cavity end z = 0 to the environment
in the direction of the +z axis can be expressed as the
Fresnel transformation:

- —ikz ik
Y(x,y,2) = 1e)\z [dy’[dx’exp{—%
=P+ (= )

Z

fowon @

Comparing Egs. (2) and (5) it is evident that the time
evolution of a 2D quantum state is equivalent to the
Fresnel transformation of a near-field optical wave with
the substitution of  — z and m/h — 27/ A, where A is the
lasing wavelength.

First we used square-shaped VCSELSs with 40 pm oxide
aperture to explore the free-space propagation of coherent
modes. The VCSEL devices were placed in a cryogenic
system with a temperature stability of 0.1 K at the range of
80-300 K. A current source with a precision of 0.01 mA
was utilized to drive the VCSEL device. The transverse
patterns at different propagation distances were reimaged
onto a CCD camera with a very large numerical aperture

(NA) microscope objective lens (Mitsutoyo, NA = (0.9)
mounted on a translation stage.

Although an ideal 2D square billiard has many possible
eigenstates, the coherent states related to classical periodic
orbits with (p, ¢) = (1, 1) are experimentally found to be
the persistent states at the temperature below 260 K.
Figure 4(a) shows the near-field pattern of the lasing
mode at 7 = 260 K. The experimental transverse patterns
for the free-space propagation are shown in Figs. 4(b)—4(e)
measured at the positions of z/z;, = 0.08, 0.2, 0.35, and
0.70, respectively, where z; = 2ak,/nk, is the character-
istic length and n is the refractive index of the semicon-
ductor cavity. Note that the characteristic length of the
optical diffraction is analogous to the characteristic time
T of the quantum diffraction in time. With the properties
that k, = 26.3 um™!, a =40 um™!, n = 3.5, and k, =
4.2 um™!, z, can be found to be approximately 143 um.
Figure 4(f) depicts the far-field pattern which was mea-
sured by a digital camera for the direct projection of the
laser beam on a paper screen at a distance of ~20 cm from
the laser device. It can be seen that the experimental
patterns agree quite well with the numerical results shown
in Fig. 2. The good agreement validates the fact that the
free-space propagation of coherent modes emitted from
VCSELs can be employed as an analogous observation
of the time evolution of quantum-billiard wave functions.

Next we exploit a deformed-square-shaped VCSEL with
aripple boundary to experimentally study the transient dy-
namics of the wave functions released from 2D chaotic bil-
liard systems. With a ripple boundary, the experimental
near-field patterns are found to be randomly distributed
over the laser cavity, i.e., so-called chaotic wave modes.
Note that rough billiards and related systems are also of
considerable interest elsewhere [24]. Figures 5(a)-5(e)
depict the experimental transverse patterns obtained at
the near-field position and z/z, = 0.25, 0.4, and 0.6, and
the far-field regime, respectively. It can be seen that the
transverse patterns in the propagation position between
0.1z; and 1.0z, display a striking feature of random
branching behavior with the appearance of intricate inter-
ference fringes.

It has been shown that the universal features of sta-
tionary chaotic wave functions in quantum billiards can
be manifested with a superposition of plane waves of fixed
wave-vector magnitude with random amplitude, phase, and
direction [25]. Therefore, the standing-wave chaotic wave
functions in a deformed square-shaped quantum billiard

FIG. 4 (color online).

Experimental transverse patterns for the free-space propagation of the coherent lasing mode measured at the

positions of (a) near field, (b) z/z; = 0.08, (¢) z/z; = 0.2, (d) z/z4 = 0.35, (e) z/z4 = 0.70, (f) far field, where z, is defined in the

text.
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can be described as W(x, y) = > ; ;5 cos(P;2) ¥ 7(x, ¥),
where the eigenstates i ;(x,y) in the summation are
subject to the condition that the values 4/k2 + k2 are nearly
constant and the phase factors ¢, ; are random. With the
superposition principle, the free time evolution of the
chaotic wave W(x,y) is then given by W(x,y, 1) =
>niCos(dyi)¥ma(x, y, 1). We use this expression for
the states i ;(x, v, 7) in the range of 49% < m? + > <
51% and random values for ¢ 7.5 to numerically generate
typical wave patterns which are shown in Figs. 5(a’)-5(¢e’)
at t =0, 0.257, 0.4T, and oo. The general features of the
numerical patterns are clearly similar to the experimental
observation shown in Figs. 5(a)-5(e). Therefore, the free-
space propagation of the chaotic modes emitted from
VCSELSs can be used to manifest the transient dynamics
of the chaotic wave functions in quantum billiards.

In conclusion, we have analytically and numerically
investigated the diffraction-in-time effect of the eigenstates
and coherent states suddenly released from a square quan-
tum billiard. We have utilized the large-aperture VCSEL
devices to experimentally verify that the transient dynam-
ics of quantum-billiard wave functions can be analogously
observed with the free-space propagation of the coherent
lasing modes. Moreover, we have exploited a chaotically
shaped laser cavity to originally study the diffraction-in-
time characteristics of the chaotic wave functions. The
transient wave patterns of chaotic modes are found to dis-
play a striking feature of random branching interference
fringes. We believe that the present investigation can pro-
vide an important insight into quantum physics and wave
optics.
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Compact efficient multi-GHz Kerr-lens mode-
locked diode-pumped Nd:YVO, laser
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Abstract: We demonstrate the compact efficient multi-GHz Kerr-lens mode
locking in a diode-pumped Nd:YVO, laser with a simple linear cavity
without the need of any additional components. Experimental results reveal
that the laser system can be characterized in stable single-pulse and
multiple-pulse mode-locked operations. With a pump power of 2.5 W, the
compact laser cavity produces average output powers greater than 0.8 W
with a pulse width less than 10 ps in the range of 2—6 GHz.

©2008 Optical Society of America

OCIS codes: (140.4050) Mode-locked lasers; (190.3270) Kerr effect; (140.3480) Lasers,
diode-pumped.
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1. Introduction

The third-order nonlinear optical responses are closely related to the stimulated Raman
scattering (SRS) process and the Kerr-lensing effect [1]. Yttrium vanadate crystals (YVOy)
were recently predicted to be promising Raman-active materials for a wide range of pump
pulse durations from picoseconds to nanoseconds [2,3]. More recently, diode-pumped
passively and actively Q-switched Nd:YVO, self-stimulated Raman lasers have been
efficiently demonstrated [4-7]. Realization of the self-SRS laser operation elucidates that the
tetragonal YVO, crystal possesses a considerable nonlinear refractive index. Experimental
results revealed that third-order nonlinearity of YVO, crystal is significantly larger than that

of BaF, crystal by a factor of (8.2+2.1) [8]. The magnitude of the nonlinear refractive index is

directly proportional to the strength of self-focusing effect that determines the capability for
efficient Kerr-lens mode locking (KLM). As a consequence, the YVOy, crystal is possible to
be a promising host crystal for efficient self-starting KLM operation [9,10].

In addition to Ti:sapphire [11], lasers with KLM have been reported in materials such as
Nd:YLF [12], Nd:YAG [13], Cr:YAG [14], Cr:forsterite [15], Cr:LiSAF [16], Cr:LiCAF [17],
and Yb:Y,0; [18]. However, from a review of the available literature, it appears that so far
there has been no work on self-mode locked lasers based on Nd:YVO, crystals. Here, for
what is believed to be the first time, a continuous-wave (CW) self-sustained mode-locked
operation in a Nd:YVO; laser is reported. We experimentally demonstrate that a CW self-
mode locking with multi-gigahertz (GHz) oscillations can be straightforwardly achieved in a
Nd:YVOq, laser with a simple linear cavity without the need of any additional components.
With an incident pump power of 2.5 W, the compact laser cavity, operating in the range of 2-6
GHz, produces average output powers greater than 0.8 W with a pulse width as short as 7.8 ps.
When the mode-locked repetition rate is significantly lower than 2 GHz, a single pulse per
round trip was usually observed to split into several pulses. Since there is increasing
interesting in multi-GHz mode-locked lasers for many applications such as high-speed
electro-optic sampling, telecommunications, and optical clocking [19-21], the prospect of
high-frequency self-mode-locked Nd:Y VO, lasers is practically desirable.

2. Experimental setup

A schematic of the laser experiment is shown in Fig. 1. The cavity configuration is a simple
flat-flat resonator. This concept was found nearly simultaneously by Zayhowski and
Mooradian [22] and by Dixon et al [23]. A linear flat—flat cavity is an attractive design
because it reduces complexity and makes the system compact and rugged. The active medium
is a-cut 0.2 at.% Nd:YVO, crystal with a length of 10 mm. One facet of the laser crystal was
normal to the crystal axis and was high-reflection coated at 1064 nm (>99.8%) and high-
transmission coated at 808 nm. The second facet was antireflection coated at 1064 nm and
wedged 0.5° to suppress the Fabry-Perot etalon effect. The laser crystal was wrapped with
indium foil and mounted in a water-cooled copper holder. The water temperature was
maintained around 20 °C to ensure stable laser output. A flat wedged output coupler with 15%
transmission at 1064 nm was used throughout the experiment. The pump source was a 3-W
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808-nm fiber-coupled laser diode with a core diameter of 100 wm and a numerical aperture of
0.16. Focusing lens with 5 mm focal length and 85% coupling efficiency was used to re-image

the pump beam into the laser crystal. The average pump radius was approximately 70 pum.

Autocorrelator

Q Optical spectrum
—|
aser diode Wedged analyzer
Nd:YVO,
Digital
oscilloscope
High speed
Power spectrum
analyzer

Fig. 1. Experimental setup for a diode-pumped self-mode locked Nd:Y VO, laser.

Coupling lens Output coupler photo-detector

The optical cavity length was varied between 16 cm and 2.5 cm with the corresponding
free spectral range (FSR) between 0.935 GHz and 6.0 GHz. The mode-locked pulses were
detected by a high-speed InGaAs photodetector (Electro-optics Technology Inc. ET-3500 with
rise time 35 ps), whose output signal was connected to a digital oscilloscope (Agilent DSO
90000) with 10 GHz electrical bandwidth and a sampling interval of 25 ps. At the same time,
the output signal of the photodetector was analyzed by an RF spectrum analyzer (Advantest,
R3265A) with a bandwidth of 8.0 GHz. The spectral information of the laser was monitored
by an optical spectrum analyzer (Advantest Q8381A). The spectrum analyzer, which employs
a diffraction lattice monochromator, can be used for high-speed measurement of pulse light
with a resolution of 0.1 nm.

The cavity mode size in the gain medium is given by [24]

_ A @r)” )
W =4= 174
ﬂ. (1 - L/ ﬁh )
where f;, is the effective focal length of the thermal lens and L is the effective cavity length.

Note that the difference between the effective cavity length L and the optical cavity length
L, is given by Lopt_ L= l(n—l/n), where [ is the length of the gain medium and » is the

refractive index of the gain medium. The effective focal length for an end-pumped laser rod
can be approximately expressed as f, = Cw / P, » Where @, is the average pump radius 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 fitted the experimental results
and found the constant C to be approximately 6.5x10* W/mm. Figure 2 shows the cavity
mode size as a function of the optical cavity length for three different pump powers. The
cavity mode sizes were calculated with the parameters of C = 6.5x10* W/mm, @, = 0.07 mm,
n=2.18, and / = 10 mm. The cavity mode size can be seen to be generally smaller than 0.2
mm for the optical cavity length shorter than 70 mm. On the other hand, the cavity mode size
begins to be greater than 0.3 mm for the optical cavity length longer than 150 mm.

Based on the assumption of a parabolic laser-intensity-dependent index variation, the
effective Kerr-lens focal length can be given by f, =@ ? /4 n, I, » where n is the nonlinear

refractive index and I, is the laser peak intensity. For the present laser cavity, f;, was
calculated to be several meters. The mode size change in the laser crystal due to the Kerr self-

focusing was estimated to be 0.05-0.2 um, which could lead to a round-trip diffraction-loss

modulation of 107 —107. This loss modulation is sufficient for self-starting of mode locking
[18].
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Fig. 2. Cavity mode size as a function of the optical cavity length for three different pump powers.

3. Experimental results and discussions

The optical cavity length was firstly set to be approximately 6.4 cm, corresponding to the
FSR of 2.35 GHz. When the cavity alignment was optimized for generating the maximum
average output power, the time trace of the output radiation revealed the laser to be in the
spontaneous mode-locked state. Figures 3(a) and 3(b) show the pulse trains on two different
timescales, one with time span of 10 ns, demonstrating mode-locked pulses, the other with
time span of 5 Us, demonstrating the amplitude oscillation. The corresponding power
spectrum is shown in Fig. 3(c). Although some amplitude fluctuation exists under the
circumstance of the optimum output power, it can be definitely improved with the fine-tuning
of the cavity alignment by monitoring the temporal behavior of the pulse train profile and the
width of the power spectrum. Figures 4(a)-4(c) show the real-time traces and the power
spectrum for the case of minimizing amplitude fluctuation. As shown in Figs. 4(a) and 4(b),
the full modulation of pulse trains without any CW background indicates the realization of
complete mode locking. Excellent performance on self-mode locking indicates that the
YVO, Icrystal is a promising host medium for efficient self-starting KLM operation at GHz
oscillations. Experimental results reveal that the relative frequency deviation of the power
spectrum, Av/v, is smaller than 5x10~° over day-long operation, where v is the center
frequency of the power spectrum and Av is the frequency deviation of full width at half
maximum. It is worthwhile to mention that the wedge shape of the laser crystal is vital for
obtaining a complete stable mode-locked operation. When a laser crystal without a wedge is
used in the flat-flat cavity, the pulse trains exhibit incomplete mode locking with CW
background to a certain extent. On the other hand, when an oscilloscope with bandwidth less
than 500 MHz is used to measure the present temporal characteristics, the result will display
like a pure CW laser. Perhaps this is the reason why the phenomenon of self-mode locking in
the range of GHz has not been discovered earlier.

Experimental results reveal that the average output power of the stable continuous-wave
mode-locking is approximately 90% of the maximum average output power. Figure 5(a)
shows the average output powers versus the incident pump power obtained at a mode-locked
frequency of 5.32 GHz with the cavity alignments for maximum output and stable cw mode-
locking, respectively. The slope efficiency for the stable mode-locked operation can be seen to
be approximately up to 40% with respect to the incident pump power, corresponding to an
optical-optical efficiency of 32%. As shown in Fig. 5(b), the FWHM width of the optical
spectrum is approximately 0.21 nm around the central wavelength of 1064.3 nm. Figure 5(c)
depicts the real-time traces with time span of 1 ns to measure the temporal duration of the
mode-locked pulses. The pulse width can be clearly found to be approximately 50 ps
(FWHM) from the real-time trace for the mode-locked frequency in the range of 2—-6 GHz.
However, the pulse duration was measured with a homemade autocorrelator and was found to
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be as short as 7.8 ps assuming a Gaussian-shaped temporal intensity profile, as shown in Fig.
5(d). The discrepancy comes from the condition that the impulse response of the present
detector has a FWHM of 40 ps and the sampling interval of the present digital oscilloscope is
25 ps. Even though the experimental data shown in Figs. 5(b)-5(c) were obtained at a pump
power of 2.5 W, these results were found to be almost the same for the pump power in the
range of 0.5-2.5 W. Based on thorough experiments, it was confirmed that the pulse width
obtained with the present real-time trace is approximately 40 ps greater than that derived from
autocorrelation trace for the ps pulses. Therefore, the present real-time trace is a quick useful
estimation for the temporal behavior of the ps mode-locked laser.
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= © | Span: 10 MHz
! £ Res. BW: 10 KHz
g 45 ‘ i
* 2
ot § -55
o
o)
26
(b) i L ns/div g 65
\ £
8 75
\; \ ‘ b ‘ g ‘ 2
0 ‘W Vn ‘M 1}\{\ ‘,1 ‘M‘U N‘ﬂ” I “’» M \”\ m‘\ N}"l &5
‘ 2344 2346 2348 2350 2352 2354
Frequency (GHz)

Fig. 3. Pulse trains on two different timescales. (a) time span of 10 ns, demonstrating mode-

locked pulses; (b) time span of 5 us, demonstrating the amplitude oscillation. (c) power
spectrum.
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Fig. 4. Same as Fig. 3 for the stable CW mode-locked operation.

We performed the same experimental procedure for different cavity lengths to investigate
the influence of the intracavity power intensity on the performance of the mode locking. We
found that the laser system can be easily operated in a stable single-pulse mode-locked regime
when the cavity length is approximately shorter than 7.5 cm (the mode-locked repetition rate
>2 GHz). For the cavity length longer than 8.5 cm, a single pulse per round trip was usually
observed to split into several pulses. Figure 6(a) shows the experimental time traces for the
cavity length at 11.3 cm; the corresponding optical spectrum is depicted in Fig. 6(b). The
interpulse spacing of the stable multiple-pulse state can be found to be associated with the
spectral modulation. From Fig. 2, we can conclude that the cavity mode size needs to be
smaller than 0.2 um for a stable single-pulse mode-locked operation.
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Fig. 5. (a). Average output powers versus incident pump power obtained with the cavity
alignments for maximum output and stable CW mode-locking, respectively; (b). corresponding
optical spectrum of the mode-locking; (c). mode-locked pulse trains in time span of 1 ns; (d).
autocorrelation trace.
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Fig. 6. (a). Experimental time traces for the multiple-pulse mode-locked operation at the cavity
length of 11.3 cm (b) corresponding optical spectrum of the mode-locking.

4. Summary

In summary, we have demonstrated a compact efficient CW self-sustained mode-locked
operation in the range of several GHz in a Nd:YVOy, laser with a simple linear cavity without
the need of any additional components. We found that the laser system can be operated in
stable single-pulse and multiple-pulse mode-locked regimes for the cavity length shorter and
longer than approximately 7.5 cm, respectively. At a pump power of 2.5 W, a maximum
average output power of 0.8 W was obtained, which gives an optical conversion efficiency of
32%. The pulse width is generally less than 10 ps for the mode-locked frequency of 2-6 GHz.
The present KLM performance confirms the large third-order nonlinearity of YVO;, crystals
found in the efficient self-Raman lasers [2-7].
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Optimization and Fabrication of High-Power
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High-power ultraviolet laser plays an important role in a variety of scientific and industrial applications. In this
report, optimization and fabrication of high-power ultraviolet Q-switched solid-state laser are introduced and
investigated in detail. It is experimentally found that the parasitic lasing leads to the degradation of the actively
Q-switched laser in high-power operation. We manifestly confirm that the combined effects of the parasitic
lasing and the thermal lensing made Nd:YVO, crystals with 0.1% dopant concentration to be more appropriate in
designing a high-power Q-switched laser with a flat-flat cavity. We further use the optimized high-power actively
Q-switched laser to perform the extra-cavity harmonic generations. At an incident pump power of 44 W, the output
powers at 355 nm and 532 nm as high as 6.65 W and 8.38 W are obtained at a pulse repetition rate of 40 kHz. The
optical-to-optical conversion efficiencies from 808 nm to 355 nm and from 1064 nm to 355 nm are found to be up to
15.1% and 38.2%, respectively.
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G EIgREReEamEE ¢, (REAZM/NR ¢ - HIR
FEFRERE AU AR (BB REFE Y AR a5 A 5 LB
%+ RIS A 55 B FH AT DA R i s Ik T RE ==
DUR SRR R TR - 5 2 - MERTFEFY
TER P BlmtiTh=s - [HAIARIEDZRIEETT
G T AR -

e 7 Fs - R = TIER 44 W IR - RS
R AR #4520 em © FIJF ABCD-AE[ 3 » m] DUHE
AR E PR R L WHEE L BGE SRR
(thermal focal length) fy, EZAK G/ ¢ HELER - K
T HEFFE ST IR E R - SLETRE L <fy, °
— KA - TR AL RSB 5 L R B L A R B R
FERCS LLRAR - RIS L <y (TEEHA B F AR
BHOEE Nd:YVO, aLESHE ZE © Ui 5 5
o B S BB SR R I T ER DL T B SRR A

/ —az
1 ¢ aeil 21 [1 dn+(n_l)aT a)p(z)}dz
S 7K. ), 1-e* w,(z) 2dT /

)

Hrp & BB UERENEELENEE - K, 2
FHEEEER » o BRIRE © 0,(2) Ei#E
AR e NER B L n BITHS R - [ 21
WITERIRE » dn/Dt BEOERE o REIRSR
- FIA TN YIRIZ2E - K. =523 WmK * 0, =400
um - dn/dT=3x10° K™+ n=2.1652 * ;= 4.43 X
10° K™ AR EIEMBENER 4 W T - BUESH
IR £, BEEN AR BIRERNRLER - (£H

48 BHEITENSE =1+ 425787 100.6

AIAYETE R Rt i M TR E E 98% R
WeE - KIS RE | IR o GEZE al =4
HIRALR - FIREESE IR R Ry 808 nm i » Mzl
R o HAEE BT RS T BRI o = 2N,
mm™ ® o HP N, RS EE TRAIR R - 7
TEINH Ry 44 W I - BUESREEFEE N, = 0.05% F
N, = 1% WIGTEFERAE 9 Fix © HELATDAEH -

EBEERUNGE - BUEREERA - HE - B
B ER 0.2% B Nd:YVO, M aeimE R HF=R
L<f, HPEEREER EPFEEHENIER 4 W
B ERAVEZR 20 cm » DISERiEIZ A B
TEF - #84G DA BRIl - TEERET R ThERAY Q-FARE
BIRE - 6 ARSI SEE T Nd:YVO, S E [
IRF 12 A B 5 U F F DURAHERF B8 5 iR e 2 — (1
JEFEER T -

EWER R 20 om WYIBIZ T - #FH ST EE IR DY
EIH Q-BHRE HET R EEER - B 10(2) K&
(b) REFOCIENRE EE R 40 kHz FF - HigHo)
o REEE © IRERER DU R I SR FE T
WIRATRIE - EHEFEIER 44 W IS - 15188 (T
HTERERIAIE N T » SEEHIIERE 175 W
BRI T HIRMEAE R E— R EEEN - [
5 PEE B ThRE 16 W IR 44 W - JREE
FEFH 36 ns #fEFEZE 12 ns » ARETREEFH 60 pJHEINE]
435 ) > RIETHERANEH 1.6 kW HEIE 36.3 kW »
11 (a) & (b) BB FE IR ER 44 W FF - EHEOERY

450

400

300

250

200

150

100

Thermal focal length f, (mm)

50 F

00 01 02 03 04 05 06 07 08 09 1.0
Nd dopant concentration Nd (%)

9. SR AEH BRI MBEHEL 44 W FETRR
BRI HAEE -



21 T T T T T T T 49
18k f=40 kHz 14
S 15¢ i
= » Z
o
12 E £
% 21 2
Q 2
300 1 3
3 6f 1"z
3l —0O— Output power 17
—0O— Pulse width
0 1 1 1 1 1 1 1 O
10 15 20 25 30 35 40 45 50
(a) Incident pump power (W)
500 T T T T T T T 40
f =40 kHz
400 132
5 —
3 z
5 300 124 =
Q 2
S <}
o a
2 200 116 <
=} >
a a
100 | —0— Pulse energy 18
—0— Peak power
O 1 1 1 1 1 1 1 O
10 15 20 25 30 35 40 45 50
(b) Incident pump power (W)

B 10 k48 % % 40 kHz 05 > £ (a) b o %
(4r &)~ IR SLE (% &)~ (b) MkfFAE & (B
&) ABRENF (e @) LB HF
%8 -

g IR IREEE - IKEREE DU R g T 3R Bl
IkETEERAIRARE - EIREEESRE 20 kHz &
F+2£ 100 kHz FF - EHDEREHIIERE 13 W A2
19.4 W IKEEEH 8 ns HEINZE 24 ns * IKERER
FH 650 uJ TNEZE 194 p) - TRIET R 81.5 kW
LR 8.1 kW » £ MK » REEH IS DR Q-5 R
BB ST PR I N A B = R AR A R e

4. PEI _ESREE MR = EIRE R EERER
B T P A D 5 AR B = (5 AR Y SR
Eﬁiﬁ i s eI ME SR 2R A IE] - R EIYZ - £
IR AE T - Bl DR BT ELR 2 BR
B L, =70 mm > L, =43 mm ~ L, = 34 mm * DL
L,=21 mm °

22 T T T T T T T T L 28
s P, =44 W mn
g b n 424 2
] :
I 18t 120 5
= S
® 16} 416 =
[0 o
2 °
g 14 412 5
2 121 —0— Output power ls g
8 —0— Pulse width &
0 1 1 1 1 1 1 1 1 1 4
10 20 30 40 50 60 70 80 90 100 110
(a) Pulse repetition rate (kHz)
750 T T T T T T T T T 100
= P =44 W @
n
T;’ 600 F {80 <
€
< c
P <
S 4s50f {160 &
‘ﬁ S
33001 {40 £
o} i)
5 2
® 150 —o— Pulse energy 120 @
g —o— Peak power g
1 1 1 1 1 1 1 1 1

0
10 20 30 40 50 60 70 80 90 100 110
(b) Pulse repetition rate (kHz)

1 BEDFEFN AW L s E (&
&)~ Mk (% &)~ (b) kA2 (B &)
AR R F (b4 &) AR E A F 04 Bl %
o

TEFETNERE 44 W HITERT » [ 12(2) £ (c)
S PIRER T 532 nm K2 355 nm B HTHER - RfE
AEfE ~ RIETHRHIREEERAIRR o fEH R
HIZERETR IR I SRR B (E R S R Ry
40 kHz » [LHF 532 nm 2 355 nm RS20 & A H
IR PR 8.38 W K 6.65 W = Al 1% 808 nm I
355 nm HEEHATCR R 15.1% 5 [ 1064 nm )
355 nm HOEEEHARCRADR 38.2% « 55— H » 1
IRETE Ry 20 kHz Ff > 532 nm Wi KRERER
Ry 270 ud > TR ARRIEDIRATE 30 kW < [FHHT -
FEIREEEZE 20 kHz B © 355 nm FVE AIRERE
Ry 200 pl 0 MEARRIEDERATE 22 kW © FI[FHT]
[17% (knife-edge method) * =R UV FBFHYE
LB 28 (beam quality factor) 533l M2 < 1.2 B

BHEFTANSE =+ 55575 100.6 49



10.5 T T T T T T T T T
90k P.. =44 W
= 75 4
@
3
8 60 .
F
5 45¢F b
(@)
30k —o0— 355 nm ]
' —0— 532 nm
15 1 1 1 1 1 1 1 1 1
10 20 30 40 50 60 70 80 90 100 110
(a) Pulse repetition rate (kHz)
300 T T T T T T T T T
250 b P. =44 W
q
S 200+ 4
>
2
150 | -
(0]
3
3 100 1
o
50 b —0— 355 nm i
—0— 532 nm
0 1 1 1 1 1 1 1 1 1
10 20 30 40 50 60 70 80 90 100 110
(b) Pulse repetition rate (kHz)
35 T T T T T T T T T
30 k P.=44W
= 25t 4
<
5 20 L 4
S
8 15 .
®
QG_J 10 L 4
5 —0— 355 nm
[ —o— 532nm ]
O 1 1 1 1 1 1 1 1
10 20 30 40 50 60 70 80 90 100 110
(c) Pulse repetition rate (kHz)

12. B A h R %5 44 W BF > 532 nm (% &) #1355
nm (5 &) 3 (a) Wz - (b) Ik A& A
B (c) REHF Mk TR F e MIAE -

M < 1.3 o B T 38 B2 A6 B8 U B AR S ME AR

f% HWHAT L =16 cm HJQ-BHRHE BT HETTHESN
TSR = SRR - RE RS AU - B L
=16 cm B2 L =20 cm B Q-BHRAFE S FT1SEIRY 1064
nm i HIIERE 8 - HEFH L =16 cm 19 Q-
BRI S AT AR 532 nm K 355 nm AYEHHTHER

50 BHEITENSE =1+ 425787 100.6

AEL L =20 cm Y Q-Eﬁf’%ﬁ*%ﬁﬁ%ﬁ I ARE R
15%—25% » 3 H T L HE T UUEE EERIED R
HIRE(E - 1S Q-BARAE S HyTERER =

I - #5Em

ASITHE T =R Q-Bi Bl SR /ME REEE B A&
(LB SR SEAR o FRAM o3 B A — R DAR W 8 5 B
R R - AT T =T ERR Q-FRE
5 - B RER 0 EWEEREER  FEEH
HIZE A S 15 Q-FHRH 5 B AVl H E RERA SR AR 2= -
R T B RO 1 27 42 35 51 UE FH DUR e IR B80% 85
R FIABHIEEE 0.1% 1 Nd:YVO, fLigik
BT —EET E ERY S DR Q-BARAE B - BEE R
LB LR E TR Q-BHBAEE ST T — 58 K
= - FEARETEE R 40 kHz S A D)=
44 W HITEDT » 532 nm & 355 nm FT{SE0Y 5
i TR 3Ry 8.38 W K 6.65 W = HH 808 nm £
355 nm HYEIRIARCER Y 15.1% 5 T 1064 nm £
355 nm FYSEHBHATCRAE 38.2% R RERF I
HfmE bt e 2 T2 » tHEEE S ERER
BH U AHRAFE B R RREE) -

Be#t B A€ (NSC-97-2112-M-009-016-MY 3)
Hh BT 2 BT BB 64 B A5 X 3%

ZENR

1. V. Hicks, C. X. Wang, and G. Y. Wang, Proc. of SPIE, 5332, 120
(2004).

2.C. X. Wang, G. Y. Wang, A. V. Hicks, D. R. Dudley, H. Y. Pang,
and N. Hodgson, Proc. of SPIE, 6100, 610019 (2006).

3. P. Maak, L. Jakab, P. Richter, H. J. Eichler, and B. Liu, Appl.
Opt., 39, 3053 (2000).

4. M. E. Storm, J. Opt. Soc. Am. B, 9, 1299 (1992).

5. T. Crawford, C. Lowrie, and J. R. Thompson, 4ppl. Opt., 35,
5861 (1996).

6. P. Yan, M. Gong, T. Xie, and X. Liu, Opt. Eng., 42, 159 (2003).

7. W. Koechner, Solid-State Laser Engineering, ch.7, 6th edn.
Berlin:Springer (2005).

8. Y. F. Chen, IEEE Quantum Electron., 35,234 (1999).



HHCREHBIRABREETHE
AL -

Yu-Jen Huang is currently a Ph.D.
student in the Institute of Electrophysics
at National Chiao Tung University.

BB EEHBALRABREETYHE
MRPE LA o

Cheng-Yu Tang is currently a M.S.
student in the Institute of Electrophysics
at National Chiao Tung University.

N

T E

REREEABIRAREE
BETWHEAR

2
WL BERLIREKRE
BE R
Kuan-Wei Su received his Ph.D. in
electrophysics from National Chiao
Tung University. He is currently an assistant professor in
the Department of Electrophysics at National Chiao Tung

University.

MAEREHBILRABRZETHA
it AEBRIRARZETHE
RBE -

Yung-Fu Chen received his Ph.D. in
electronics from National Chiao Tung
University. He is currently a professor in the Department

of Electrophysics at National Chiao Tung University.

BHEFTANSE =+ 55575 100.6 51









	博士論文
	dissertation - cover
	dissertation

	paper
	paper
	0
	space
	1
	space
	2
	space
	3
	space
	space
	5
	7
	8
	space
	9
	10
	space
	13
	space
	14
	space
	space
	18
	space
	19
	20
	space
	21
	space
	22
	space
	23
	space
	24
	space
	25
	space
	26
	27
	28
	29

	space
	space



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e5c4f5e55663e793a3001901a8fc775355b5090ae4ef653d190014ee553ca901a8fc756e072797f5153d15e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc87a25e55986f793a3001901a904e96fb5b5090f54ef650b390014ee553ca57287db2969b7db28def4e0a767c5e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020d654ba740020d45cc2dc002c0020c804c7900020ba54c77c002c0020c778d130b137c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor weergave op een beeldscherm, e-mail en internet. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for on-screen display, e-mail, and the Internet.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <FEFF004a006f0062006f007000740069006f006e007300200066006f00720020004100630072006f006200610074002000440069007300740069006c006c0065007200200037000d00500072006f006400750063006500730020005000440046002000660069006c0065007300200077006800690063006800200061007200650020007500730065006400200066006f00720020006f006e006c0069006e0065002e000d0028006300290020003200300031003000200053007000720069006e006700650072002d005600650072006c0061006700200047006d006200480020>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing false
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e5c4f5e55663e793a3001901a8fc775355b5090ae4ef653d190014ee553ca901a8fc756e072797f5153d15e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc87a25e55986f793a3001901a904e96fb5b5090f54ef650b390014ee553ca57287db2969b7db28def4e0a767c5e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020d654ba740020d45cc2dc002c0020c804c7900020ba54c77c002c0020c778d130b137c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor weergave op een beeldscherm, e-mail en internet. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for on-screen display, e-mail, and the Internet.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <FEFF004a006f0062006f007000740069006f006e007300200066006f00720020004100630072006f006200610074002000440069007300740069006c006c0065007200200037000d00500072006f006400750063006500730020005000440046002000660069006c0065007300200077006800690063006800200061007200650020007500730065006400200066006f00720020006f006e006c0069006e0065002e000d0028006300290020003200300031003000200053007000720069006e006700650072002d005600650072006c0061006700200047006d006200480020>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing false
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e5c4f5e55663e793a3001901a8fc775355b5090ae4ef653d190014ee553ca901a8fc756e072797f5153d15e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc87a25e55986f793a3001901a904e96fb5b5090f54ef650b390014ee553ca57287db2969b7db28def4e0a767c5e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020d654ba740020d45cc2dc002c0020c804c7900020ba54c77c002c0020c778d130b137c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor weergave op een beeldscherm, e-mail en internet. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for on-screen display, e-mail, and the Internet.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <FEFF004a006f0062006f007000740069006f006e007300200066006f00720020004100630072006f006200610074002000440069007300740069006c006c0065007200200037000d00500072006f006400750063006500730020005000440046002000660069006c0065007300200077006800690063006800200061007200650020007500730065006400200066006f00720020006f006e006c0069006e0065002e000d0028006300290020003200300031003000200053007000720069006e006700650072002d005600650072006c0061006700200047006d006200480020>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing false
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice




