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高重覆率全固態人眼安全雷射研究 

 

學生：陳思武                                   指導教授：陳永富 

國立交通大學電子物理學系研究所博士班 

摘 要        

 

 

波長1.5~1.6μm的脈衝式人眼安全雷射在雷射遙測和雷射測距儀等相

關應用上是不可或缺的。高重覆率(＞10kHz)高尖峰功率(＞1kW)的雷射，

有助於提升應用系統的效能，而光學參數振盪器(OPO)雷射能具有這一特

性。在論文裡以摻釹釩酸釔(Nd3+:YVO4)和鈦氧磷酸鉀(KTP)晶體為研究主

體，使用1064nm左右的Nd
3+
:YVO4雷射激發以KTP晶體為主的OPO可以產生波

長在1.57μm附近的人眼安全固態雷射。分別採用聲光晶體、可飽和吸收體

作為Q-開關元件(Q- switcher)，實現高轉換效率的主、被動式Q-開關脈衝

型雷射系統。首先，我們完成一個採用聲光晶體Q-開關雷射二極體激發式

Nd
3+
:YVO4/腔內OPO雷射系統，可以工作在10-80kHz高脈衝重覆率。進一步

研究腔內OPO雷射輸出的最佳化，而獲得更高的功率輸出。在激發功率15W，

脈衝重覆率80kHz時，1573nm平均功率可高於1.5W，尖峰功率高過2kW。接

著，改採用Cr
4+
:YAG吸收晶體設計製作一套結構小巧的高功率被動式人眼安

全固態雷射，再藉由考慮晶體熱透鏡效應以及調整光模與激勵光束匹配條

件，從而提升在1573nm波長輸出功率。在輸入功率15W時，訊號脈衝重覆率

高於50kHz，平均輸出功率1.5W以上，尖峰功率高於5kW。 
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Study of high-repetition-rate all-solid-state lasers in the eye-safe region 
 

 
Student：Szu-Wu Chen                             Advisors：Dr. Yung-Fu Chen 

Institute and Department of Electrophysics 
National Chiao Tung University 

 
ABSTRACT 

 

1.5–1.6μm wavelength pulsed eye-safe lasers are indispensable for 

applications such as telemetry and range finders. High-peak-power (> 1 kW) 

laser with a high repetition rate (>10 kHz) is beneficial to the performance of 

these application systems. In this thesis, we take the optical parametric oscillator 

(OPO) approach to accomplish a serial of high-repetition-rate high-power 

eye-safe lasers and investigate the optimization of output power. First, we used 

KTP crystal to develop an intracavity OPO laser excited by a diode- pumped 

acousto-optically (AO) Q-switched Nd3+:YVO4 laser, which could be operated at 

high repetition rate up to 80 kHz,and higher output power was achieved by 

optimization of the intracavity OPO laser output coupler.  With an absorbed 

pump power of 15W, pulse repetition rate of 80 kHz, its average output powers 

at 1573nm was above 1.5W and peak powers was higher than 2 kW. Second, we 

demonstrated a compact 2.5W-excited high-peak-power passively Q switched 

eye-safe solid-state laser, by using Cr4+: YAG saturable absorber. Furthermore, 

by taking the crystal thermal lensing effect into consideration and matching the 

optical mode and pump beam size, we scaled up the 1573 nm output power. 

With an incident pump power of 15 W, the compact intracavity OPO cavity 

produced average output power at 1573 nm .up to 1.5 W and peak powers higher 

than 5 kW with pulse repetition rate above 50 kHz. 
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ω  ： mode beam radius, mode size 

n  ： inversion population density 

c ： speed of light 

Pφ  , Sφ  ： Pump and signal photon density respectively 

cal  ： optical length of the laser cavity 

σ  ： stimulated emission cross section 

rpt  ： round-trip time in the laser cavity 

Pφ∆  ： spontaneous emission intensity 

L  ： round-trip pump wave intensity loss in the laser cavity 

R  ： global reflectivity of the laser cavity mirrors 

OPOσ  ： effective OPO conversion cross section 

Sφ∆  ： noise signal intensity 

SL  ： round-trip signal wave intensity loss in the OPO cavity 

SR  ： output reflectivity of the OPO mirror 

21,ωω  ︰ idler and signal frequencies, respectively 

321 ,, nnn  ： refractive indices at the idler, signal and pump wavelengths, 
respectively 

effd  ： effective non-linear coefficient 

0ε  ： vacuum permittivity 

λ  ： lwavelength 

cR  ： radius of curvature of the mirror 
ξ  ： fractional thermal loading 

cK  ︰ thermal conductivity 

inP  ： incident pump power 

dTdn /  ： thermal-optic coefficients of n  

Tα  ： thermal expansion coefficient along the a-axis 
2M  ： beam quality factor 

0z  ︰ focal plane of the pump beam  
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1ρ  ： radius of curvature of the mirror 

0T  ： initial transmission of the saturable absorber 

SAA /  ： ratio of the effective area in the gain medium and in the 
saturable absorber 

gsσ  ： ground-state absorption cross-section of the saturable 
absorber 

γσ  ： stimulated emission cross-section of the gain medium 

γ  ： inversion reduction factor with a value between 0 and 2  

β  ： ratio of the excited-state absorption cross-section to that of 
the ground-state absorption in the saturable absorber 
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Chapter 1  Introduction 

 

Nanosecond pulsed lasers emitting in the eye-safe wavelength region (1.5–1.6 µm) 

are indispensable for applications such as telemetry and for use in range finders [1]. 

High-peak-power laser sources at wavelengths greater than 1.5 µm are vital for 

applications involving coherent laser radar, remote sensing and active imaging [2]. In 

this spectral range, radiation is mostly absorbed in the ocular fluid of the eye rather 

than in the retina. The spectral transmission characteristics of human eye is shown in 

Fig.1-1. Several recommended standards are also described in the figure.[16-18] 

Nowadays, eye safety is an very important requirement for laser applications involving 

free space propagation. 

The eye-safe requirement has stimulated much interest in§different generation 

aapppprrooaacchheess..  TThheerree  aarree  tthhrreeee  mmeetthhooddss  ttoo  rreeaacchh  tthhee  ggooaall  ::  eerbium (Er)-doped lasers, 

Raman lasers, and optical parametric oscillators (OPOs). During the past two decades, 

OPO has not only been proved to be a very efficient aapppprrooaacchh  ttoo  manufacture  aann  

eye-safe laser, but also be a nice method to aacchhiieevvee an tunable laser. As depicted in 

Fig.1-2 ,the turning ranges for several kinds of OPO nonlinear crystal materials could 

cover the spectrum from visible to mid infrared region.   

Even though intracavity OPOs have been proposed for over 30 years [3-5], the 

conventional intracavity OPOs in which flash lamps or quasi-cw diodes are used as the 

pump sources typically restrict operations to low repetition rates, less than 1 kHz 

[14-15].Only recently OPOs merits have been noted by the availability of high-damage- 

threshold non-linear crystals and diode-pumped Nd-doped lasers [6-9]. Several crystals 

belonging to the potassium titanyl phosphate (KTP) family, when pumped by Nd- 

doped laser pumps around 1050–1070 nm, generate signal wavelengths around 1.55 µm 

[10-13]. One advantage of the KTP family is the non-critical phase-matching 

configuration that allows a good OPO conversion efficiency even with 

poor-beam-quality pump lasers. Another advantage is the large available crystal size 

that allows the generation of high energies. Furthermore, using a diode-pumped 
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Nd-doped laser to intracavity pump the OPO can offer a compact and rugged design 

with a low threshold and high efficiency, but at a frequency repetition rate from 1 to 20 

kHz, the overall average power is less than 60mW[16]. 

Passively Q-switched Nd :YVO4 and Nd : GdVO4 lasers have been demonstrated 

recently[11-13], but the output pulse energy and peak power are obviously lower than 

those of Nd :YAG laser. Therefore, so far the pumped sources for passively 

Q-switched intracavity OPO’s are mostly composed of Nd :YAG and Cr4+ :YAG 

crystals. The relatively narrow absorption band of Nd :YAG crystal, however, sets 

stringent requirements on the spectrum of the pump diodes. 

By taking the advantage of the KTP crystal, we accomplish a series of experiments 

and analysis on Q-switched Nd:YVO4 lasers. In this thesis we demonstrate a high 

repetition-rate intracavity OPO based on a non-critically phase-matched KTP crystal 

excited by a cw-diode-pumped acousto- optically (AO) Q-switched Nd:YVO4 laser 

operating at 10-80 kHz. With an absorbed pump power of 12.6W,the compact 

intracavity OPO cavity, operating at 80 kHz, produces average powers at 1.573 µm up 

to 1.33W and peak powers higher than 2 kW. 

A compact eye-safe optical parametric oscillator (OPO) using a noncritically 

phase-matched KTP crystal intracavity pumped by a passively Q-switched Nd :YVO4 

laser is also experimentally demonstrated. To enhance the performance of passive 

Q-switching, a Cr4+:YAG saturable absorber crystal is coated as an OPO output 

coupler in a nearly hemispherical cavity. With an incident pump power of 2.5W, the 

compact intracavity OPO cavity, operating at 62.5 kHz, produces average powers at 

1573 nm up to 255 mW and peak powers higher than 1kW. 
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Fig.1-1 The spectral transmission characteristics of human eye and the related 
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Fig.1-2 The turning ranges for several kinds of OPO nonlinear crystal materials . 
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Chapter 2  Q-Switched Laser and OPO Design Principles 

 

2.1 Actively Q-Switched Laser Design Principles 

 

 The spatial variation of pumping and intracavity photon density should be took 

into consideration in the  rate equations for LD-pumped CW-operated or Q-switched 

solid- state lasers.  Assume for LD-pumped CW-operated solid-state lasers, the spatial 

variation of pumping and intracavity photon density in the rate equations can be 

expressed as [1] 

 

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−= 2

22exp),0(),(
L

rttr
ω

φφ                                                    (2.1-1) 

 

where ),0( tφ  is the photon density along the laser axis , r is the radial coordinate, 

Lω is the laser mode radius, which is determined by the geometry of the resonator. 

 

∫∫
∞∞

⎥
⎦

⎤
⎢
⎣

⎡
−⎟

⎠
⎞

⎜
⎝
⎛−=

00
21ln),(2),(2),( rdrL

R
ltrn

t
trrdr

dt
trd

r

πσφπφ
                    (2.1-2) 

 

),(),(),( trntrc
dt

trdn φγσ−=                                            (2.1-3) 

                                                 

where ),( trn is the population inversion density, σ and l are the stimulated emission 

cross section and length of the gain medium, respectively, cltr /2 '= is the round-trip 

transit time of the light in the resonator of optical length rl  , c is the light speed in 

vacuum, R is the reflectivity of the output mirror, γ is the inversion reduction factor, 

which actually corresponds to the net reduction in the population inversion resulting 

from the stimulated emission of a single photon, and L is the remaining round-trip 

dissipative optical loss. 

For four-level gain media like Nd3+ :YAG and Nd3+ :YVO4 (1.06 µ m), the 
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pumped population is small compared to the total population, the ground state 

population density can be considered as constant, and assume there is no residual 

population inversion density from the preceding pulse is included, 

 

( ) ( ) ⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛
−= 2

22exp0,00,
p

rnrn
ω

                                           (2.1-4) 

                                                  

where Pω is the average radius of the pump beam in the gain medium and )0,0(n is the 

initial population inversion density in the laser axis. 

When the threshold population inversion ( )0,rnth  is small relative to the initial 

population inversion density ( )0,rn ,for example, ( )0,rn / ( )0,rnth > 2.5,then the residual 

population inversion density ( )ftrn ,  at the end of a Q-switched pulse is always small 

enough to be neglected. 

Substituting (1) and (4) into (3) and integrating the result over time, can obtain 

 

( ) ( ) ( )
⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−⋅−⋅⎟

⎟
⎠

⎞
⎜
⎜
⎝

⎛
−= ∫

t

lp

rdttcrntrn
0 2

2

2

2 2exp,0exp2exp0,0,
ω

φγσ
ω

              (2.1-5) 

 

Substituting (5) into (2) yields 

 

( ) ( ) ( ) ( )

( )
⎥
⎦

⎤
⎢
⎣

⎡
+⎟

⎠
⎞

⎜
⎝
⎛−⋅

⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛
+−⋅

⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−⋅−= ∫∫

∞

L
R

n
t

tdrrr

rdttcnt
t
l

dt
td

rLp

L

t

rl

11,02112exp

2exp,0exp0,0,04,0

22
2

2

2

002

φ
ωω

ω
φασφ

ω
σφ

                  (2.1-6) 

 

The threshold of the initial population inversion density in the laser axis can 

derived by setting (6) equal to zero at 0=t . 

 

( ) ( )
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+

+
= 2

2

1
2

110,0
P

L
th l

LRnn
ω
ω

σ
                                        (2.1-7) 
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Here introduce the normalized timeτ , normalized photon density ( )τ,rΦ and 

normalized population inversion density ( )τ,rN as 

 

⎥
⎦

⎤
⎢
⎣

⎡
+⎟

⎠
⎞

⎜
⎝
⎛== L

R
n

t
t

t
t

rc

11τ                                           (2.1-8) 

 

( ) ( )

l
LRn

rr

′
+

=Φ

γσ

τφτ

2
11

,,                                              (2.1-9) 

 

( ) ( )
( )0,0
,,

thn
rnrN ττ =                                               (2.1-10) 

 

where ct is the photon decay time, )0,0(N is the ratio of the initial population inversion 

density in the laser axis ( )0,0n  to the threshold ( )0,0thn . 

Then, the output pulse width W , pulse peak power mP and pulse energy E  can be 

expressed explicitly as 

( ) ( )
( ) LRn

t
tW rfr

cfr +

⋅+
=+=

11
ττ

ττ                                        (2.1-11) 
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,011
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,11                  (2.1-13) 

 
where mΦ is the maximum value of ( )τ,0Φ . 
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2.2 Passively Q-Switched Laser Design Criteria 

   

Degnan has derived the key parameters of an energy-maximized passively 

Q-switched laser as function of two variables σγγσα /SS= , and,
L

lnz iσ2
= . Xiao 

and Bass, and Zhang et al. have extend the analysis to include the effect of excited 

state absorption (ESA) in the saturable absorber recently. 

In the actively Q-switched laser the initial population density of the gain medium 

in  is normally proportional to the pump rate. So it is suitable in practice to optimize 

the output pulse energy with the variable z . However, for the passively Q-switched 

laser, it is not in the same case, in is determined by the initial transmission of the 

saturable absorber( 0T ) and the reflectivity of the out put mirror( R ).  

The coupled rate equations for three or four level gain media are given by [2] 

 

)])1(ln(222[ L
R

lnlnln
tdt

d
sesessgsgs

r

+−−−= σσσφφ                      (2.2-1) 

 

nc
dt
dn σφγ−=                                                  (2.2-2) 

 

gsgs
s

gs nc
A
A

dt
dn

φσ−=                                             (2.2-3) 

 

esgsso nnn +=                                                   (2.2-4) 

 

where 

φ  is the intracavity photon density with respect to the effective cross-sectional area of 

the laser beam in the gain medium; 

n  is the population density of the gain medium; 

l  is the length of the gain medium; 

σ  is the stimulated emission cross sections of the gain medium; 
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sl  is the length of the saturable absorber; 

sAA /  is the ratio of the effective area in the gain medium and in the saturable 

absorber; 

gsn , esn are the population density of absorber ground state and excited state, 

respectively; 

son  is the total population density of absorber; 

gsσ , esσ  are the GSA and ESA cross sections in the saturable absorber, respectively; 

R  is the reflectivity of the output mirror; 

γ  is the inversion reduction factor and equal to 1,2 for four-level and three-level 

systems ,respectively; 

L  is the nonsaturable intacavity round-trip dissipative optical loss; 

rt  is the round-trip transit time of light in the cavity ,equal to cl /2 ' , where 'l is the 

cavity optical length , c  is the speed of light. 

 

In the equations (3)-(4), the saturable absorber is considered as a four level system, 

including the excited state ,as illustrated in the Fig. 2-1. 

It is interesting to solve these above equations to get the conclusion about the 

influence of excited-state absorption. And the intracavity focusing effect on the 

threshold condition and output characteristics.  

Dividing (2) by (3) and integrating gives 

 

α)(
i

sogs n
nnn =                                                  (2.2-5) 

where 

s

gs

A
A

σ
σ

γα 1=                                                   (2.2-6) 

 

in  is the initial population inversion density in the gain medium and in can be 

calculated from equation (1), by setting the round-trip net gain equal to zero just before 

the Q-switch opens. 
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0))1(ln(22 =+−− L
R

lnln ssogsi σσ                                   (2.2-7) 

 

To point out the correspondence with the previous analysis, we can use the 

following expression: 

)exp( ssogso lnT σ−=                                              (2.2-8) 

 

Where 0T  is the initial transmission of the saturable absorber. Then 

 

l

L
n

RT
i

o

σ2

)ln()ln( 11
2 ++

=                                                (2.2-9) 

 

Dividing (1) by (2) and substituting (5) into the result gives 

 

⎥
⎥
⎦

⎤

⎢
⎢
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⎡ ++
−

−
−−= −

nl

L

n
n

lnl
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i

o

o σ

β

σ
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γ
φ α

2

)ln()ln(
))(ln(

2
11

'

11
11

2

2                  (2.2-10) 

 

where 

 

gs

es

σ
σ

β =                                                      (2.2-11) 

 

Since the first derivative of φ with respective to n at inn = is equal to zero, the 

criterion for Q-switching behavior is whether the second derivative has a positive or a 

negative sign. If positive, the growth curve for the photon intensity will turn 

increasingly upward. 

 

]
2

)ln()ln(
))(ln(

2
)1)(1([

' 2

11
21

22

2 2

2 nl

L

n
n

nll
l

dn
d RT

i
T

i

o

o σ

β

σ
αβ

γ
φ α

++
+

−−
−−= −            (2.2-12) 

 

Substituting n  and in  into (12), the criterion for a giant pulse to occur is then given 
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by 

 

0)ln()ln(]1)1([ 11
2 >−−−− LRTo

βα                                  (2.2-13) 

 

Substituting (6) into (13), the criterion for the second threshold becomes 

 

β
γ

σ
σ

−
>

++ 1)ln()ln(

)ln(
11

1

2

2

s

gs

RT

T

A
A

L
o

o                                   (2.2-14) 

 

Note that the parameters α and are β determined from the cavity configuration 

and the physical properties of the gain medium and the saturable absorber. It becomes 

very straightforward that the more the α value greater than 1,or the closer the β  

value to 0,the easier the equation (14) to keep true. From this equation, we can derive 

the permissible max. 0T  value or min. R  value to satisfy the criterion.  
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2.3 Optical Parameter Oscillator (OPO) Theorem  

 
Optical parameter process is one of the fundamental nonlinear optical processes. It 

involves three photons in the process, and can be depicted schematically by a Feynman 

diagram, as shown in Fig.2-2.In the process, one high-frequency photon is annihilated and 

two lower-frequency phones are created. In other words, the optical parametric process 

can be put in a resonant cavity to form an optical parameter oscillator (OPO) to generate 

two different waves, called signal and idler wave, by one wave, called pump wave.  

Fig.2-3 illustrates different cavity configurations of OPO.  In some way, the 

characteristics of OPO’s are very similar to the optically-pumped 3-level laser as shown in 

Fig.2-4. However there are a number of differences. For the OPO’s, the middle energy 

level can be tuned through the phase-matching condition, and the top energy level can be 

tuned by changing the pump frequency. Since the laser involves three single-step resonant 

transitions while the parametric process involves a three-photon transition , the threshold 

for oscillation is generally much higher for OPO’s than that for the lasers. 

 

2.3.1 Oscillation Threshold Conditions  

 
To derive the OPO oscillation threshold conditions, we consider the most 

general case of singly-resonant oscillator. The basic oscillator configuration is 

consist of a plane-plane (Fabry-Perot)cavity with a nonlinear crystal put inside. 

Then the Oscillation threshold conditions can be derived from solving the signal 

and idler’s coupled-wave equations and coupled-amplitude equations by 

substituting the suitable boundary conditions. [3,4] 

The wave equation for E-field in the nonlinear optical medium is described by 

 

),(4),(),( 2

2

22

2

00
2 trP

tc
trE

t
trE

∂
∂

=
∂
∂

−∇
πεµ                            (2.3-1) 

 

In the case of basic three-photon parametric process, 
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{
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                (2.3-2) 

 

{ }conjugatescomplextrPtrPtrP NLL ++= ),(),(),( 2
1                      (2.3-3) 

 

   where  

 
)(

33
)1()(

22
)1()(

11
)1( 332211 )()()()()()(),( trkitrkitrkiL erEerEerEtrP ωωω ωχωχωχ −⋅−⋅−⋅ ++=   (2.3-4) 
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            (2.3-5) 

                                           

For the linear amplification regime, the depletion of the pump wave can be 

neglected. We can obtain from the above equations the coupled-wave equations for the 

signal and idler waves  
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where effd  is the effective Kleinman d-coefficient 

 

kpj
kji

iijkeffd 3

3

1,,
2

)2(
εεεχ∑

=

=                                           (2.3-7) 

 

pjε  is the direction cosine of the iÊ  with respect to ĵ -axis 

χ
)2(

ijk
 refers to frequency-mixing process 

In the slowly-varying amplitude condition, the coupled second-order differential 

equations can be solved more easily.  Then 
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Combing the above two equations  
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where g  is defined as the spatial gain coefficient. 

This equation could be solved under the boundary conditions )0(iE and )0(sE . 

Lead to  
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Assume the crystal length is L , and the reflectivity of the OPO cavity mirrors are 

1r and 2r ,respectively, so the boundary conditions are 0)0( =iE and )()0( 21 LErrE ss = . 

Then , the oscillation condition is 

 

gLLErrgLELE sss cosh)(cosh)0()( 21==                            (2.3-11) 

 

It can be rewrote as 

 

gLrr cosh1 21=                                                (2.3-12) 
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2.3.2 Phase Matching Condition 

 

The efficiency of generation of idler or signal waves from the nonlinear polarization 

in matter is dependent on the overlap situation. When the incident pumping light is 

oriented with respect to the crystal in a suitable condition such that the wave and the 

newly generated waves are in suitable phase over the interaction length, it is called phase 

matching., It can be achieved in the anisotropic materials, like crystals ,basing on the 

birefringence property.  

OPO is a three-photon parametric process as depicted before. Although it is a 

nonlinear optical process, it is still based on the energy and momentum conservation 

theorem[5]. From the energy conservation theorem  

 

isp hhh ννν +=                                               (2.3-13) 

 

it implies 

isp λλλ
111

+=                                                 (2.3-14) 

 

For significant parametric amplification, the generated polarization waves should 

be travel at the same velocity, which implies the k vectors or refractive indices for the 

waves in the material need to satisfy the momentum-matching condition, i.e. 

 

isp kkk +=                                                 (2.3-15) 

 

and for collinearly condition, it implies 

 

i

i

s

s

p

p nnn
λλλ

+=                                                (2.3-16) 

 

where sp nn , and in are the refractive indices at pump, signal and idler frequency, 

respectively. 
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Since the refractive indices are function of the direction, wavelength and 

polarization, phase matching condition can be achieved by using birefringence and 

dispersion method. In generally, it can be reached by angle or temperature turning of 

the crystal. In high power applications, the second method is more difficult to be 

achieved, because of residual absorption in the crystal. 

There are two type of phase matching. In the case of the signal and idler are 

ordinary rays, it is called type I phase matching. In other case, if either one is an 

extraordinary ray, it is referred to as type II phase matching. 

The turning curves for parametric oscillators can be analyzed and figured out by 

solving the phase matching equations. Nevertheless, the indices of refraction should be 

known over the whole turning range in advance. Now take the KTP crystal as an 

example. The principle axes of the index ellipsoid are used to defined such that 

zyx nnn << , the indices of reflection for the ray propagation in the direction of 

k , ),( φθ can be calculated by 
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          (2.3-17) 

 

where θφθφθ cos,sinsin,cossin === zyx kkk  

 

and the zyx nnn ,,  at jω frequency can be pre-calculated from the appropriate 

Sellmeier equation. 
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For type-I interaction, phase matching condition is achieved by 
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221 iisspp nnn ωωω ωωω +=                                         (2.3-19) 

 

For type-II interaction, 

 

211 iisspp nnn ωωω ωωω +=                                          (2.3-20) 

or  

121 iisspp nnn ωωω ωωω +=                                          (2.3-21) 

 

The turning range of an OPO pumped by a 1.06μm Nd laser and employing a 

Type-II KTP crystal ( °=0φ ) is shown in Fig.2-5. 
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2.4 Thermal Effect of Laser Crystal 

 

2.4.1 Thermal Fraction Limit 

 

In the past one decade, some of neodymium-doped vanadium-based crystals have 

been proved to be promising candidate for diode-pumped solid state laser gain medium. 

These crystals include yttrium orthovanadate (YVO4 ) ,gadolinium orthovanadate (GdVO4 ), 

etc.. In comparison to the Nd:YAG crystals ,these crystals have several advantages, for 

example, a bigger gain cross section. a wider absorption bandwidth, lower threshold, 

and polarized output. 

On the other hand, from the maximum output power point of view, vanadate laser 

host materials have some shortages. First, their thermal conductivity is lower than that 

of Nd:YAG crystals, There are a lot absorbed pump power, were accumulated around 

the pumping region, consequently the maximum laser output power for end-pumped 

solid-state laser is limited by thermal fracture of laser crystals. For a conventional 1.1 

at.%Nd:YVO4 crystal the maximum permissible pumping power is limited to 

approximately 13.5W,in the contrast, Nd:YAG is 50-70W. Second, the absorption 

coefficient of is about five times that of a Nd:YAG crystal at a pump wavelength of a 

1.0 at.% Nd:YVO4 crystal it leads to a high slope coefficient, but results in a larger 

temperature gradient and thermal stress at the pump end. Consequently, the thermal 

fracture limit is lower. 

However these constraints can be relieved by decreasing the dopant concentration 

to extend the fracture-limited pump power, at the same time, still keeping have pump 

absorption coefficients. By making trade-off between the fracture-limited pump power 

and the maximum output slope efficiency. 

 For fiber-coupled pump beam, ),,( zyxrp can be approximately describer as a 

top-hat distribution. [5,6,8] 

 

[ ] ( )( )222
2 1)(
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α

                         (2.4-1) 
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where )(zpω  is the pump beam waist in the gain medium, 

α is the absorption coefficient at the pump wavelength,  

Θ is the Heaviside step function. 

In the conventional edge cooling conditions, this type of pump profile leads to a 

steady-state temperature distribution with a parabolic and logarithmic profile inside 

and outside the pumped region respectively,  i.e. 
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where absP  is the absorber pump power, ξis the fractional thermal loading the 

laser crystal, and l is the crystal length. 

Based on the plan stress approximation, the plane stress solutions in the laser 

crystal can be solved analytically. Then, in the general case, 1>>lα  and 2/1/ ≤bp rω , 

the maximum tensile stress maxσ  is given by  
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where E is Young’s modulus and Tα is the coefficient of thermal expansion. 

Hence, the thermal fracture limited absorbed pump power is given by  
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Where 
E

R
T

maC
T α

σ αΚ
=  is the thermal shock parameter of laser crystal. 

 

 

2.4.2 Thermal Lensing Effect 

 

For a pumped laser rod, the refractive power is grown from the central heating 

effect and edge cooling induced temperature distribution. The radial dependence of 

the index of refraction can be described as [5,9] 

 

( ) ( )2
0 1 rnrn γ−=                                                (2.4-5) 

 

Where on is the index of refraction at the center, r  is the radial position,γ is a 

positive parameter.  

To a first approximation, the refraction power D of a rod of length l  is given by  

 

lnD 02γ=                                                     (2.4-6) 

 

The refraction power is related to the dissipated heat PH by 

  

HP
d
dn

bk
D ⋅⎥⎦

⎤
⎢⎣
⎡ +
Τ

= ε
π 22
1                                          (2.4-7) 

 

eleexcH PP χη=                                                      (2.4-8) 

 

Where Κ  is the thermal conductivity 

  dTdn  is the temperature derivative of the index of refraction  

ε    is the stress dependent variation of the index of refraction  

χ  is the thermal load 

excη  is the excitation efficiency  
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b    is the radius 

For a thermal lens with the index refraction given by (2.4-5) ,the ray transfer matrix is  
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where 

 

lnD 02γ=                                                    (2.4-10) 

 

)2( 0nlh =                                                        (2.4-11) 

 

The ray transfer matrix for a resonator with a thick lens is given by  
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Where  

 

( ) jijiRddDgg iijii ≠=−⋅−= ;2,1,/1*                        (2.4-12a) 

 

( ) ii Rddg /1 21 +−=                                               (2.4-12b) 

 

2121
* dDdddL −+=                                               (2.4-12c) 

 

powerrefractive
f

D :1
=                                           (2.4-12d) 

 

Beam radius at mirrors: 
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Waist radii:  
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Beam radius at the principal planes: 
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For a fiber- coupled laser diode, the thermal lens power can be derived by [7] 
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where paω is the average pump size in the active medium, it can be expressed by 
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Fig.2-1The energy levels of a saturable absorber with the excited state absorption. 

 

 

 

 

 

 

 

 

 

 

 

Fig.2-2 Feynman diagram of three-phone optical parametric process.  
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Fig.2-3 Different cavity configurations of optical parametric oscillator (OPO). 
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Fig.2-4 (a) Optically pumped three-level laser, and (b) three-photon optical 
parametric process. 
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Fig.2-5 The turning range of an OPO pumped by a 1.06μm Nd laser and 
employing a Type-II KTP crystal .  
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Chapter 3  Intracavity OPO Pumped by a AO Q-Switched Nd:YVO4 Laser 

 

3.1 Introduction 

 
Nanosecond pulsed lasers emitting in the eye-safe wavelength region (1.5–1.6 µm) 

are indispensable for applications such as telemetry and for use in range finders [1]. 

The need for high-peak-power eye-safe laser sources has stimulated much interest in 

intracavity optical parametric oscillators (OPO’s). Intracavity OPO’s take advantage of 

a high power level within the oscillator to allow a low threshold and high efficiency 

compared to extracavity OPO’s. Although intracavity OPO’s have been proposed for 

over 30 years [2–4], only recently have their merits been appreciated, with the advent 

of high-damage-threshold nonlinear crystals and diode pumped Nd-doped lasers [1, 

5–7]. Several crystals belonging to the potassium titanyl phosphate (KTP) family, 

when pumped by Nd-doped laser pumps around 1050–1070 nm, generate signal 

wavelengths around 1.55µm [8–11]. One advantage of the KTP family is the 

non-critical phase-matching configuration that allows a good OPO conversion 

efficiency even with poor-beam-quality pump lasers. Another advantage is the large 

available crystal size that allows the generation of high energies. Furthermore, using a 

diode-pumped Nd-doped laser to intracavity pump the OPO can offer a compact and 

rugged design with a low threshold and high efficiency. The conventional intracavity 

OPO’s, in which flash lamps or quasi-cw diodes are used as the pump sources, 

typically restrict operations to low repetition rates less than 1 kHz [12, 13]. Even 

though a compact diode-pumped Q-switched intracavity OPO has been demonstrated 

at frequency repetition rates from 1 to 20 kHz, the overall output peak power was less 

than 70W[14].A recent study has shown that a high-peak-power (> 1 kW) laser with a 

high repetition rate (>10 kHz) is beneficial to the performance of a scanning, 

photon-counting laser altimeter [15]. In this work, we report the demonstration of a 

high repetition-rate intracavity OPO based on a non-critically phase-matched KTP 

crystal excited by a cw-diode-pumped acousto-optically (AO) Q-switched Nd:YVO4 
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laser operating at 10 ~ 80 kHz. With an absorbed pump power of 12.6W,the compact 

intracavity OPO cavity, operating at 80 kHz, produces average powers at 1.573 µm up 

to 1.33W and peak powers higher than 2 kW. 

 

3.2 Experimental Setup 

 

A schematic of the basic laser setup is shown in Fig. 3-1. The experimental setup 

makes use of a 0.8mm core fiber with a numerical aperture of 0.16 and a maximum 

output power of 15W. A focusing lens with a 12.5mm focal length and 85% coupling 

efficiency was used to re-image the pump beam into the laser crystal. The waist 

diameter of the pump beam was around 300 µm. The fundamental cavity was formed 

by a coated Nd:YVO4 crystal and an output coupler. The a-cut 0.3 at.% Nd3+, 

7-mm-long Nd:YVO4 crystal was coated for high reflectivity at 1064 nm (R > 99.9%) 

and high transmission at 808 nm (T>95%) on one side. The other side was anti- 

reflection coated at 1064 nm. A Nd:YVO4 crystal with only a low doping concentration 

was used to avoid the thermally induced fracture [16]. The output coupler had a 

dichroic coating that was highly reflective at 1064 nm (R > 99.8%) and 85% partially 

reflective at 1573 nm. The 20-mm-long AO Q-switcher (Gooch and Housego) had 

antireflectance coatings at 1064 nm on both faces and was driven at a 40.68MHz center 

frequency with 3.0W of rf power. The OPO cavity was formed by a coated KTP crystal 

and an output coupler. The 20-mm-long KTP crystal was used in a type II non-critical 

phase-matching configuration along the x-axis (θ= 90°and φ= 0°), to have both a 

maximum effective nonlinear coefficient and no walk-off between the pump, signal, 

and idler beams. The KTP crystal was coated to have high reflectivity at the signal 

wavelength of 1573 nm (R > 99.8%) and high transmission at the pump wavelength of 

1064 nm (T > 95%). The other face of the KTP crystal was antireflection coated at 

1573 nm and 1064 nm. Both the Nd:YVO4 and KTP crystals were wrapped with 

indium foil and mounted in a water-cooled copper block. The water temperature was 

maintained at 25°C. The overall Nd:YVO4 laser cavity length was 65mm and the OPO 

cavity length was 25mm. 
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The present flat-flat cavity was stabilized by the thermally induced lens in the laser 

crystal. This concept was found at nearly the same time by Zayhowski [17] and by 

Dixon et al. [18]. However, an end-pump-induced thermal lens is not a perfect lens, but 

is rather an aberrated lens. The thermally induced diffraction losses have been found to 

rapidly increase with the increase of the mode-to-pump size ratio at a given pump 

power [19]. In practice, the optimum mode-to-pump ratio is in the range of 

approximately 0.8–1.0 when the incident pump power is greater than 5W. In fact, the 

present cavity configuration has been applied to a diode-pumped Q-switched 

intracavity frequency-doubled Nd:YVO4/KTP green laser [16]. It has been 

experimentally and theoretically shown that an excellent mode matching can be 

obtained for pump powers in the range 5-20W at a cavity length of approximately 

60-70 mm. 

To avoid damage to the intracavity optical components, the Q switcher was 

operated above 10 kHz. Fig.3-2 shows the operation of the intracavity OPO for several 

pulse repetition rates. Over this entire frequency range and for all pump powers the 

beam quality M2 factor was found to be less than 1.3. The threshold for signal 

parametric oscillation was approximately 3-4W and its dependence on different pulse 

repetition rates was not significant. At a repetition rate of 10 kHz, the average output 

power at 1573 nm was almost saturated to 0.26W beyond 2.5 times the OPO threshold. 

In other words, the signal pulse energy was nearly saturated to 26 µJ beyond 2.5 times 

the OPO threshold. Although the maximum signal pulse energy is limited for the 

present cavity, increasing the pulse repetition rate can efficiently increase the average 

signal output power, as shown in Fig.3-2. At a pulse repetition rate of 80 kHz, the 

average signal power was up to 1.33W with an absorbed pump power of 12.6W. The 

conversion efficiency from diode laser input power to OPO signal output power was 

10.6% and the corresponding slope efficiency reached 15.5%. To the best of our 

knowledge, this is the highest efficiency for average power conversion reported to date. 

The pulse temporal behavior at 1573 nm was recorded by a LeCroy 9362 digital 

oscilloscope (500MHz bandwidth) with a fast germanium photodiode. Fig.3-3 depicts 

the peak power and pulse width versus the absorbed pump power at a pulse repetition 

rate of 80 kHz. A typical 1573 nm pulse is shown in Fig.3-4. It can be seen that the 

overall pulse width was shorter than 10 ns at a pulse repetition rate of 80 kHz. The 
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relatively short signal pulse indicates that the OPO effectively cavity dumps the laser 

energy. The striking feature is that with a 12.6W absorbed pump power, the signal peak 

power can be higher than 2 kW at a pulse repetition rate of 80 kHz. Fig.3-5 shows the 

dependence of the peak power and pulse width at 1573 nm on the repetition rate at a 

pump power of 12.6W. Once again, the increase in the pulse width with increasing 

pulse repetition rate was not significant because of the effective cavity dump of the 

intracavity OPO. It can be seen that the pulse width slightly increased from 5 to 8 ns as 

the repetition rate varied from 10 to 80 kHz. As a result of the relatively short pulse, 

the peak power was generally on the order of several kilowatts at pulse repetition rates 

from 10 to 80 kHz. Finally, experimental results reveal that the maximum signal pulse 

energy mainly depends on the signal reflectivity of the output coupler for a given 

cavity. In general, lowering the signal reflectivity results in higher signal pulse energies. 

This behavior was predicted in [20]. The maximum signal pulse energies were 

experimentally found to be 15, 20, and 26 µJ for signal reflectivities of 95, 90 and 85%, 

respectively. Increasing the signal reflectivity of the output mirror not only reduces the 

pulse energy, but also may lead to satellite pulses accompanying the signal pulse, as 

shown in Fig.3-6. Therefore, the intracavity OPO can be improved by optimization of 

the signal reflectivity of the output mirror and by variation of the pulse repetition rate. 

 

3.3 Conclusions 

 

Operation of a singly resonant pulsed KTP intracavity OPO pumped by an AO 

Q-switched Nd:YVO4 laser has been demonstrated. Using a type II non-critically 

phase-matched x-cut KTP crystal, eye-safe signal radiation at 1573 nm was generated 

in a plane-parallel to the intracavity OPO resonator. It was found that the maximum 

pulse energy may saturate beyond a given above-threshold intracavity OPO factor, but 

increasing the signal reflectivity of the output coupler can efficiently increases the 

average output power. The conversion efficiency for the average power is up to 10.6% 

from pump diode input to OPO signal output. The effective cavity dump of intracavity 

OPO leads to a relatively short signal pulse width for repetition rates from 10 to 80 

kHz. As a consequence, the peak power for signal output can be up to several kilowatts 
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for the entire frequency range. The compact size and high efficiency of the present 

laser make it an attractive source for practical applications. 
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Fig.3-1 Schematic of the intracavity OPO pumped by a cw diode-pumped AO 
Q-switched Nd:YVO4 laser 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.3-2 The average output power at 1573 nm versus the absorbed pump power for 
several pulse repetition rates 
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Fig.3-3 The peak power and pulse width at 1573 nm versus the absorbed pump 
power at a pulse repetition rate of 80 kHz 

 

 

 

 

 

 

 

 

 

 

 

Fig.3-4 A typical pulse-shape at 1573 nm for a signal reflectivity of 85% on the 
output coupler 
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Fig.3-5 The dependence of the peak power and pulse width at 1573 nm on the 
pulse repetition rate at the maximum pump power of 12.6W 
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Fig.3-6 A typical pulse-shape at 1573 nm for signal reflectivities of a 90% and b 
95% on the output coupler 
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Chapter 4  Output Optimization of a Diode-Pumped Actively Q-Switched 

IOPO 

 

4.1 Introduction 

 

High-peak-power laser sources at wavelengths greater than 1.5 µm are vital for 

applications involving coherent laser radar, remote sensing and active imaging [1]. In 

this spectral range, radiation is mostly absorbed in the ocular fluid of the eye rather 

than in the retina. Eye safety is an important requirement for laser applications 

involving free space propagation. This need has stimulated much interest in intracavity 

optical parametric oscillators (OPOs). In comparison with extracavity configurations, 

intracavity OPOs take advantage of the high power level within the oscillator to allow 

a low threshold and high efficiency. Even though intracavity OPOs have been proposed 

for over 30 years [2–4], only recently have their merits been noted by the availability 

of high-damage-threshold non-linear crystals and diode-pumped Nd-doped lasers [1, 

5–7]. Several crystals belonging to the potassium titanyl phosphate (KTP) family, 

when pumped by Nd-doped laser pumps around 1050–1070 nm, generate signal 

wavelengths around 1.55 µm [8–11]. The conventional intracavity OPOs in which 

flash lamps or quasi-cw diodes are used as the pump sources typically restrict 

operations to low repetition rates, less than 1 kHz [12, 13].Although a compact 

diode-pumped Q-switched intracavity OPO has been demonstrated at a frequency 

repetition rate from 1 to 20 kHz, the overall average power is less than 60mW[14]. 

Recently, we demonstrated 1.33W of 1573-nm output from an intracavity OPO 

based on a non-critically phase-matched KTP pumped by a diode-pumped 

acousto-optically (AO) Q-switched Nd : YVO4 laser operating at 80 kHz [15]. In this 

work, we experimentally study the output optimization of a high-repetition-rate 

diode-pumped Q-switched intracavity optical parametric oscillator at 1.57 µm. 

Experimental results reveal that the output reflectivity for the maximum conversion 
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efficiency is in the range 85%–90%, whereas the highest peak power can be obtained 

with the output reflectivity around 60%–70%. Numerical analysis is performed to 

confirm the experimental results. 

 

4.2 Experimental Setup 

 

A schematic of the actively Q-switched intracavity OPO laser is shown in Fig.4-1. 

The active medium was an a-cut 0.3−at%. Nd3+, 7-mm-long Nd3+:YVO4 crystal. A 

Nd3+:YVO4 crystal of low doping concentration was used to avoid thermally induced 

fracture [16]. Both sides of the laser crystal were coated for antireflection at 1064 nm 

(R < 0.2%). The pump source was a 15-W 809-nm fiber-coupled laser diode with a 

core diameter of 0.8-mm and a numerical aperture of 0.16. A focusing lens with 

12.5-mm focal length and 85% coupling efficiency was used to re-image the pump 

beam into the laser crystal. The waist radius of the pump beam was around 0.36mm. 

The input mirror, M1, was a 1-m radius of-curvature concave mirror with antireflection 

coating at the diode wavelength on the entrance face (R < 0.2%), high-reflection 

coating at the lasing wavelength(R>99.8%)and high-transmission coating at the diode 

wavelength on the other surface (T> 95%). 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 (50% ≤ Rs ≤ 95%) at 1573 nm 

were used in the experiment to study the output optimization. The 10-mm-long AO 

Q-switcher (NEOS) was antireflection coated at 1064 nm on both faces and was driven 

at a 80MHz center frequency with 3.0W of rf power. To avoid damage to the 

intracavity optical components, the Q-switcher was operated above 10 kHz. The OPO 

cavity was formed by a coated KTP crystal and an output coupler. The 20-mm-long 

KTP crystal was used in type-II non-critical phase-matching configuration along the 

x-axis (θ= 90°and φ= 0°) to have both a maximum effective non-linear coefficient and 

no walk-off between the pump, signal and idler beams. One surface of the KTP crystal 

was coated to have high reflectivity at the signal wavelength of 1573 nm (R > 99.8%) 

and high transmission at the pump wavelength of 1064 nm (T > 95%). The other face 

of the KTP crystal was antireflection coated at 1573 nm and 1064 nm. Both the 
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Nd:YVO4 and KTP crystals were wrapped with indium foil and mounted in a 

water-cooled copper block. The water temperature was maintained at 25°C. The 

overall Nd:YVO4 laser cavity length was 55 mm and the OPO cavity length was 23 

mm. 

 

4.3 Result and Discussion 

 
Fig.4-2 shows the average output power at 1573 nm as a function of the repetition 

for different output couplers at an absorbed pump power of 12.6W. The radius of the 

OPO beam was estimated to be around 0.3mm. Over the entire frequency range, the 

beam quality M2 factor was found to be less than 1.3. Basically, increasing the pulse 

repetition rate can efficiently increase the average output power at 1573 nm, except 

that the OPO reflectivity is too low (Rs = 50%). It can be also seen that a higher output 

coupler reflectivity (85% ≦ Rs≦ 90%), on average, leads to higher conversion 

efficiency. However, if the OPO output reflectivity is too high, the stored energy is not 

fully extracted in a single output pulse. Since the remaining energy is sufficient to 

evolve the pump field, the OPO threshold can be reached again and a second signal 

pulse is produced. As shown in Fig.4-3a and b, a train of OPO pulses is usually 

produced for higher values of Rs, whereas a single pulse can be generated with a lower 

output reflectivity. In addition, the pulse width was found to be generally less than5 ns. 

The short pulse width comes from the effective cavity dump of the intracavity OPO. 

Therefore, if high peak power is preferred, the OPO output reflectivity needs to be 

chosen to maximize the conversion in a single pulse. 

We have employed the rate equation model developed by Debuisschert et al. [17] 

to confirm the consequent experimental results. Since the present IOPO is resonant 

only on the signal, the evolution equation of the idler field can be suppressed. With this 

adiabatic elimination, the rate equations for the four-level Q-switched laser with IOPO 

are given by: 

 

nc
dt
dn

Pσφ−=                                                    (4-1) 
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where n  is the inversion population density of the gain medium, c is the speed of 

light, Pφ is the pump photon density, Sφ  is the signal photon density, cal  is the 

optical length of the laser cavity, σ is the stimulated emission cross section of the gain 

medium, rpt  is the round-trip time in the laser cavity, crl  is the length of the gain 

medium, nll  is the length of the non-linear crystal, Pφ∆  is the spontaneous emission 

intensity, L is the round-trip pump wave intensity loss in the laser cavity, R is the 

global reflectivity of the laser cavity mirrors, rst  is the round-trip time in the OPO 

resonator, OPOσ is the effective OPO conversion cross section, Sφ∆  is the noise signal 

intensity, SL  is the round-trip signal wave intensity loss in the OPO cavity and SR  is 

the output reflectivity of the OPO mirror. 

Equations(4-1)–(4-3) are essentially identical to those used by Debuisschert et al. 

[17], except that the effective OPO cross section is used to describe the conversion rate. 

The effective OPO cross section, OPOσ , can be derived from the parametric gain 

coefficient for small gains of the single resonator oscillator: 
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where 21,ωω  are the idler and signal frequencies, respectively; 321 ,, nnn  are the 

refractive indices at the idler, signal and pump wavelengths, respectively; effd  is the 

effective non-linear coefficient; 0ε  is the vacuum permittivity; and 2ω and 3ω  are the 

mode sizes for the signal and laser waves, respectively. 

Fig.4-4a and b depicts the calculated temporal profiles corresponding to the expe- 
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rimental results shown in Fig. 4-3a and b, respectively. The good agreement between 

experimental and numerical results indicates that the theoretical model is successful in 

predicting the production of several signal pulses. Fig.4-5 shows the experimental and 

theoretical results for the average output power versus the OPO output reflectivity at a 

repetition rate of 80-kHz and an absorbed pump power of 12.6 W. 

It can be seen that the theoretical calculations agree quite well with the 

experimental data. The optimum output coupler for the maximum average power is 

found to be approximately SR = 85%.With the optimum output coupler, the conversion 

efficiency from the diode laser input power to OPO signal output power is up to 15%. 

Although the highest conversion efficiency was obtained with an output coupler of 

SR = 85%, the peak power was a maximum with an output coupler of SR = 60%–70%, 

as shown in Fig.4-6. It can be seen that with an output coupler of SR = 60%–70%, the 

peak power can amount to 3–4 kW at a pulse repetition rate of 80 kHz and an absorbed 

pump power of 12.6W. From the experimental results shown in Figs. 4-5 and 4-6, an 

output coupler of SR = 80% is found to be a better choice for the tradeoff between the 

average power and the peak power. 

Finally, it is worthwhile to mention that the pulse repetition rates in the present 

experiment (> 20 kHz) are considerably higher than those in conventional Q-switched lasers 

(< 1 kHz). On the whole, the optimum output reflectivity increases with increasing pulse 

repetition rate; this is the reason why the optimum output reflectivity is significantly higher 

than that for conventional output couplers in Q-switched lasers. 

 

4.4 Conclusions 

 

We have studied the output optimization of a high-repetition-rate diode-pumped 

Q-switched intracavity optical parametric oscillator at 1573 nm with a type-II 

non-critically phase-matched x-cut KTP crystal. Numerical calculations have also been 

performed to confirm the experimental results. It was found that the maximum 

conversion efficiency can be obtained with an output coupler of 85%–90% at the cost 

of peak power. If high peak power is desired, the output reflectivity needs to be around 

60%–70%. 
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Fig.4-1 Schematic of the actively Q-switched intracavity OPO laser 
 

 

 

 

 

 

 

 

 

 

 

 

Fig.4-2 The average output power at 1573 nm as a function of the repetition for 
different output couplers at an absorbed pump power of 12.6W 
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Fig.4-3 Oscilloscope traces showing a train of pump and signal pulses when Rs = 
90% (a), and a single pulse for pump and signal fields when Rs = 60% (b). Both 
results were measured at a pulse repetition rate of 80 kHz and an absorbed pump 
power of 12.6W 
 

(a) 

(b) 
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Fig.4-4 The calculated temporal profiles corresponding to the experimental results 
shown in Fig.3a and b, respectively 
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Fig.4-5 Experimental and theoretical results for the average output power versus 
the OPO output reflectivity at a repetition rate of 80 kHz and an absorbed pump 
power of 12.6W 

 

 

 

 

 

 

 

 

 

 

 

Fig.4-6 Experimental and theoretical results for the output peak power versus the 
OPO output reflectivity at a repetition rate of 80 kHz and an absorbed pump power 
of 12.6W  
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Chapter 5  Intracavity OPO with a Passively Q-Switched Nd:YVO4 Laser 

                        

5.1 Introduction 

 
Compact pulsed lasers with emission at the eyesafe wavelength region (1.5–1.6 

µm) are of great interest for many applications such as telemetry and range finders [1]. 

The need for high-peak-power eyesafe laser sources has stimulated much interest in 

intracavity optical parametric oscillators (OPO’s). Although intracavity OPO’s have 

been proposed for over 30 years [2–4], only recently have their merits been appreciated, 

with the advent of high-damage-threshold nonlinear crystals and diode-pumped 

Nd-doped lasers [1, 5–7]. Diode-pumped Q-switched microchip lasers are compact 

efficient solid-state lasers with a diffraction-limited output beam. Saturable-absorber 

Q-switching has the advantages of potentially lower cost and simplicity in fabrication 

and operation. In recent year, Cr4+ : YAG crystals have been successfully used as 

passive Q-switches for a variety of gain media such as Nd :YAG [8], Nd :YVO4 [9–11], 

and Nd : GdVO4 crystals [12], etc. Nd :YVO4 and Nd : GdVO4 crystals have several 

advantages over Nd :YAG crystals, including higher absorption cross section, wider 

absorption bandwidth, and a polarized output. The linearly polarized laser output is 

beneficial not only to non-linear wavelength conversion, but also to avoiding of 

undesired birefringent effects. It is, however, usually difficult to operate a diode 

pumped passively Q-switched Nd :YVO4 and Nd : GdVO4 lasers with Cr4+ :YAG 

saturable absorbers because of their large emission cross-sections. For good passive 

Q-switching,absorption saturation in the absorber must occur before gain saturation in 

the laser crystal (the second threshold condition) [13, 14]. Even though passively 

Q-switched Nd :YVO4 and Nd : GdVO4 lasers have been demonstrated [9–12], the 

output pulse energy and peak power are obviously lower than those of Nd :YAG laser. 

Therefore, so far the pumped sources for passively Q-switched intracavity OPO’s are 

mostly composed of Nd :YAG and Cr4+ :YAG crystals. The relatively narrow 

absorption band of Nd :YAG crystal, however, sets stringent requirements on the 

spectrum of the pump diodes. In this work we report a compact, efficient scheme for 
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generating 1573-nm laser based on intracavity OPO of a diode pumped passively 

Q-switched Nd :YVO4/Cr4+ :YAG laser. With an incident pump power of 2.5W, the 

compact intracavity OPO cavity, operating at 62.5 kHz, produces average powers at 

1573 nm up to 255mWand peak powers higher than 1 kW. 

 

5.2 Experimental Setup 

 

Fig.5-1 is a schematic of the passively Q switched intracavity OPO laser. The 

novelty is that a saturable absorber Cr4+:YAG is coated as an output coupler of the 

OPO cavity and a nearly hemispherical cavity is used to enhance the performance of 

passive Q-switching. The active medium was an a-cut 1.0 at.% Nd3+, 2-mm-long 

Nd3+:YVO4 crystal. Both sides of the laser crystal were coated for antireflection at 

1064 nm (R<0.2%). The pump source was a 2.5-W 808-nm fiber-coupled laser diode 

with a core diameter of 200 µm and a numerical aperture of 0.16. Focusing lens with 

12.5mm focal length and 95% coupling efficiency was used to re-image the pump 

beam into the laser crystal. The average pump-spot radius, pω , was around 150 µm. 

The input mirror was a 50 mm radius-of-curvature concave mirror with antireflection 

coating at the diode wavelength on the entrance face (R<0.2%), high-reflection coating 

at lasing wavelength (R>99.8%) and high-transmission coating at the diode wavelength 

on the other surface (T> 95%). Note that the laser crystal was placed very near (0.5 

~1mm) the input mirror. The OPO cavity was formed by a coated KTP crystal and a 

coated Cr4+:YAG crystal. The 20-mm-long KTP crystal was used in type II noncritical 

phase-matching configuration along the x axis (θ = 90◦and φ= 0◦) to have both a 

maximum effective nonlinear coefficient and no walkoff between the pump, signal, and 

idler beams [15-18]. The KTP crystal was coated to have high reflectivity at the signal 

wavelength of 1573 nm (R>99.8%) and high transmission at the pump wavelength of 

1064 nm (T>95%). The other face of the KTP crystal was antireflection coated at 1573 

nm and 1064 nm. The Cr4+ :YAG crystal has a thickness of2mm with 80% initial 

transmission at 1064 nm. One side of the Cr4+ :YAG crystal was coated so that it was 

nominally highly reflecting at 1064 nm (R>99.8%) and partially reflecting at 1573 nm 

(Rs=80%). The remaining side was antireflection coated at 1064 and 1573 nm. The 
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overall Nd:YVO4 laser cavity length was approximately 55 mm and the OPO cavity 

length was about 23mm. 

 

5.3 Result and Discussion 

 
The mode beam radii 1ω  on the laser crystal and 2ω on the saturable absorber 

can be given by   

 

c

ccc

cc

cc

L
LRL

LR
LL −

=
−

=
π
λ

π
λ

21 , ωω                  (5-1)      

where λ is the lasing wavelength, cL  is the effective cavity length, and cR  is the 

radius of curvature of the input mirror. The effective cavity length is given by 

)1/1()1/1(* −+−+= KTPKTPcc nlnlLL , *
cL  is the cavity length, n  is the refractive 

indices along the c axis of the Nd:YVO4 crystal, l  is the length of the Nd:YVO4 

crystal, KTPl  is the length of the KTP crystal, and KTPn  is the KTP refractive index for 

the output laser beam. For the present cavity length of *
cL = 55mm, 1ω  and 2ω  can 

be calculated to be 225 µm and 71 µm, respectively. 

With 1ω  = 225 µm and pω  = 150 µm, the ratio between the mode and pump 

area, α=( 1ω / pω )2=2.25, satisfies the design criterion of mode-matching optimization 

[19].On the other hand, the ratio of the mode area in the gain medium and in the 

saturable absorber, A/AS=( 1ω / 2ω )2=10, satisfies the criterion for good passively 

Q-switching [13, 14]. 

Fig.5-2 shows the average output power and the pulse repetition rate at 1573 nm 

with respect to the absorbed pump power. For all pump powers the beam quality M2 

factor was found to be less than 1.3. The average output power reached 255mW, and 

the pulse repetition rate was 62.5 kHz at an incident pump power of 2.5W. The threshold 

power and the slope efficiency were 1.1W and 18.3%, respectively. The conversion 

efficient from diode laser input power to OPO signal output power was 10.2%. To the 
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best of our knowledge, this is highest efficiency for average power conversion reported 

to date. 

The pulse temporal behavior at 1573 nm was recorded by a LeCroy 9362 digital 

oscilloscope (500MHz bandwidth) with a fast germanium photodiode. An oscilloscope 

trace of a train of the signal pulses is shown in the inset of Fig5- 2. The pulse-to-pulse 

amplitude fluctuation was found to be within ±10%.  Fig.5-3 shows typical temporal 

shapes for the laser and signal pulses.  The relatively short signal pulse indicates that 

the OPO effectively cavity dumps the laser energy. Experimental results reveal that the 

signal pulse width decreases from 6.0 ns at threshold to 3.8 ns at 2.5W of incident 

pump power.  Fig.5-4 depicts the peak power and the pulse energy at 1573 nm versus 

the absorbed pump power. It is seen that the pulse energy initially increases with pump 

power, and is almost saturated beyond 2 times the OPO threshold. The striking feature 

is that with the maximum pump power of 2.5W the signal peak power can exceed 1 

kW at a pulse repetition rate of 62.5 kHz. 

Finally, it is worthwhile to mention that the temporal characteristics of the present 

cavity highly depend on the laser alignment, pump spot size and mirror reflectivity. As 

shown in Fig.5-5, a train of laser and signal pulses is usually produced for a higher OPO 

reflectivity on the output coupler (Rs = 90%). Under the normal mode-matching circum- 

stances, the output optimization of the present cavity mainly consists in the design of 

the output reflectivity. Experimental results reveal that the maximum conversion efficiency 

can be obtained with an output coupler of 85 - 90% at the sacrifice of peak power. If 

the high peak power is desired, the output reflectivity needs to be around 60-70%. 

 

 

5.4 Summary 

 

In summary, operation of a singly resonant pulsed KTP intracavity OPO pumped 

by a diode-pumped passively Q-switched Nd :YVO4/Cr4+ :YAG laser has been 

demonstrated. A saturable absorber Cr4+ : YAG was coated as an output coupler of the 

OPO cavity to constitute a realistic, inexpensive source of eye-safe nanosecond laser. 

The low threshold power permits the use of a relatively low-power laser diode (2.5W). 
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The conversion efficiency for the average power is up to 10.2% from pump diode input 

to OPO signal output. The effective cavity dump of intracavity OPO leads to the 

relatively short signal pulse width with high repetition rates. As a consequence, the 

signal peak power can exceed 1 kW with a pulse repetition rate of 62.5 kHz at an 

incident pump power of 2.5W. 
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Fig.5-1 Schematic of the intracavity OPO pumped by a diode-pumped passively 
Q-switched Nd : YVO4/Cr4+ : YAG laser 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.5-2 Dependence of the average output power and the pulse repetition rate at 
1573 nm on the absorbed pump power. An oscilloscope trace of a train of the signal 
pulses is shown in the inset 
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Fig.5-3 Typical temporal shapes for the laser and signal pulses with a signal 
reflectivity of 80% on the output coupler 

 

 

 

 

 

 

 

 

 

 

 

 

 

FIig.5-4 Dependence of the peak power and the pulse energy at 1573 nm on the 
absorbed pump power 
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Fig.5-5 Typical temporal shapes for the laser and signal pulses with a signal 
reflectivity of 90% on the output coupler 
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Chapter 6  Output Optimization of Diode-pumped Passively Q-Switched 

Nd:YVO4/KTP/Cr4+:YAG Laser 

 

6.1 Introduction 

 

Nanosecond pulsed lasers at the eye-safe wavelength region (1.5–1.6 lm) are 

indispensable to applications such as telemetry and range finders [1]. Laser emission at 

this spectral range has been reported from several gain materials including Co:MgF2 

[2], Ni:MgF2 [3], Cr4+:YAG [4,5], Er3+:YLiF4 [6], Er3+:KY(WO4)2 [7], Er3+:YVO4 [8], 

Yb3+:Tm3+:YLiF4 [9] and Er:Yb:glass [10]. Pulsed operation near 1.55 lm has been 

achieved with passive Q-switching by use of Co2+:LaMg Al11O19 [11], Er:Ca5(PO4)3F 

[12], U4+:CaF2 [13],U4+:SrF2 [14], Co2+:ZnSe [15], Cr2+:ZnSe [16] or a semiconductor 

saturable absorber mirror (SESAM) [17]. Another approach for high-peak-power 

eye-safe laser sources is based on intracavity optical parametric oscillators (OPOs) [18]. 

Recently, there has been a resurgence of interest in intracavity OPOs, as their merits 

have been appreciated with the advent of high-damage-threshold nonlinear crystals and 

diode-pumped Nd-doped lasers [19–21]. Diode-pumped Q-switched Nd-doped lasers 

are compact efficient solid-state lasers. In recent year, Cr4+:YAG crystals have been 

successfully used as passive Q-switches for a variety of gain media such as Nd:YAG 

[22], Nd:YVO4 [23], and Nd:GdVO4 crystals [24], etc. Even though passively 

Q-switched Nd:YVO4 and Nd:GdVO4 lasers have been demonstrated, their large 

emission cross-sections lead to the output pulse energy and peak power to be obviously 

lower than those of Nd:YAG laser. Therefore, so far the pumped sources for passively 

Q- !switched intracavity OPO s are mostly composed of Nd:YAG and Cr4+:YAG 

crystals. The relatively narrow absorption band of Nd:YAG crystal, however, sets 

stringent requirements on the spectrum of the pump diodes. Recently, we demonstrated 

a compact efficient eye-safe OPO to produce 255 mW at 1573 nm by using a nearly 

hemispherical cavity [25]. In this work we consider the thermal lensing effects to scale 

up the average output power and peak power at 1573 nm based on a diode-pumped 
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passively Q-switched Nd:YVO4/KTP/Cr4+:YAG intracavity OPO. The design of the 

mode-to-pump size ratio is one of the critical issues for a high-power end-pumped laser 

[26]. The theoretical analysis indicates that the optimum mode-to-pump size ratio for 

high pump power can be nearly satisfied by controlling the pump size in the previous 

cavity configuration. With an incident pump power of 14.5 W, the compact intracavity 

OPO cavity, operating at 58.5 kHz, produces average powers at 1573 nm up to 1.56 W 

and peak powers higher than 5 kW. 

 

6.2 Experimental Setup 

 

Fig.6-1 is a schematic of the passively Q-switched intracavity OPO laser. Here a 

saturable absorber Cr4+:YAG is coated as an output coupler of the OPO cavity and a 

nearly hemispherical cavity is used to enhance the performance of passive Q-switching. 

The active medium was an a-cut 0.5 at.% Nd3+, 7-mm long Nd:YVO4 crystal. Both 

sides of the laser crystal were coated for antireflection at 1064 nm (R < 0:2%). A 

Nd:YVO4 crystal with low doping concentration was used to avoid the thermally 

induced fracture [27]. The laser crystal was wrapped with indium foil and mounted in a 

water-cooled copper block. The water temperature was maintained at 25 ℃. The pump 

source was a 16-W 808-nm fiber-coupled laser diode with a core diameter of 800 lm 

and a numerical aperture of 0.2. Focusing lens with 12.5 mm focal length and 92% 

coupling efficiency was used to re-image the pump beam into the laser crystal. The 

pump spot radius, Pω , was around 350μm. The input mirror, M1, was a 50 mm 

radius of-curvature concave mirror with antireflection coating at the diode wavelength 

on the entrance face (R < 0:2%), high-reflection coating at lasing wavelength (R > 

99:8%) and high-transmission coating at the diode wavelength on the other surface (T 

> 95%). Note that the laser crystal was placed very near the input mirror. The OPO 

cavity was formed by a coated KTP crystal and a coated Cr4+:YAG crystal. The 20-mm 

long KTP crystal was used in type II noncritical phase-matching configuration along 

the x-axis (θ= 90°and φ= 0°) to have both a maximum effective nonlinear coefficient 

and no walk-off between the pump, signal, and idler beams. The KTP crystal was 

coated to have high reflectivity at the signal wavelength of 1573 nm (R>99:8%) and 
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high transmission at the pump wavelength of 1064 nm (T>95%). The other face of the 

KTP crystal was antireflection coated at 1573 and 1064 nm. The Cr4+:YAG crystal has 

a thickness of 3 mm with 80% initial transmission at 1064 nm. One side of the 

Cr4+:YAG crystal was coated so that it was nominally highly reflecting at 1064 nm (R 

> 99:8%) and partially reflecting at 1573 nm (Rs = 85%). The remaining side was 

antireflection coated at 1064 and 1573 nm. The overall Nd:YVO4 laser cavity length 

was approximately 55 mm and the OPO cavity length was about 24 mm. As shown in 

the subsequent analysis, the present cavity length allows mode matching with the pump 

beam and provides the proper spot size in the saturable absorber. 

 

6.3 Thermal Lens Effect Analysis of a Laser Crystal 

 

The thermal lens of a laser crystal always affects the stability of a resonator, 

especially at a high pump power. An end-pump-induced thermal lens is not a perfect 

lens, but is rather an aberrated lens. It has been found that the thermally induced 

diffraction loss at a given pump power is a rapidly increasing function of 

mode-to-pump ratio. Practically, the optimum mode-to-pump ratio is in the range of 

about 0.6–1.0 when the incident pump power is greater than 5 W. For a fiber-coupled 

laser diode, the thermal lens can be given by [28] 

 

                                                                 (6-1)  

 

where ξ  is the fractional thermal loading, cK  is the thermal conductivity, inP  is 

the incident pump power, n  is the refractive indices along the c-axis of the Nd:YVO4 

crystal, dTdn /  is the thermal-optic coefficients of n , Tα  is the thermal expansion 

coefficient along the a-axis, l  is the crystal length, pω  is the radius at the waist, pλ  

is the pump wavelength, 2
pM  is the pump beam quality factor, and 0z is focal plane of 

the pump beam in the active medium. The first and second terms in the parenthesis of 

Eq.(6-1) arise from the thermal dispersion and the axial strain, respectively.  
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Considering the thermal lensing effect on the laser crystal, the mode beam radii 

1ω  on the laser crystal and 2ω  on the saturable absorber can be given by [29] 
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λ  is the lasing wavelength, 1ρ  is the radius of curvature of the input mirror, 1d  and 

2d  are the distances between the cavity mirrors and the principal planes of the laser 

crystal, sn and KTPn  are, respectively, the refractive indices of the saturable absorber 

and the KTP crystal, and sl and KTPl are, respectively, the lengths of the saturable 

absorber and the KTP crystal. Note that the principal planes of the thermal lens can be 

approximated to be located inside the laser crystal at a distance nlh 2/=  [29]. With 

Eqs. (6-1) and (6-2), the dependence of the mode size ratios pωω /1  and 12 /ωω  on 

the pump power for the present cavity configuration was calculated and shown in 

Fig.6-2. The parameters used in the calculation are as follows: ξ =0.24，

CK =0.0523W/K-cm， Pω =0.35mm， 2
PM  ~310， 1d =2mm， 2d =48mm， 1ρ =50mm，

n =2.165， Sn =1.82， KTPn =1.745， l =7mm， KTPl =20mm， Sl =3mm， 

dTdnC / =3.0x10-6K-1，and Tα =4.43x10-6K-1. It is clear from Fig.5-2 that mode-to- 

pump size ratio pωω /1  is around 0.6–1.0 for pump powers within 10–15 W, leading 

to optimal mode matching [26]. On the other hand, the ratio of the mode size in the 

saturable absorber and in the gain medium 12 /ωω  can be in the range of 0.1–0.3, 

satisfying the criterion for good passively Q-switching [30,31]. 

 

jiji ≠= ;2,1,
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6.4 Criterion for Good Passively Q-Switching 

 

The saturation of the pulse energy implies that the criterion for good passively 

Q-switching was entirely fulfilled. From the analysis of the coupled rate-equation, the 

criterion for good passively Q-switching is given by [32] 
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σ
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>>

++ 1)1ln()1ln(

)1ln(

2
0

2
0

s

gs

A
A

L
RT

T                                   (6-3) 

                                                

where 0T  is the initial transmission of the saturable absorber, SAA /  is the ratio of the 

effective area in the gain medium and in the saturable absorber, R  is the reflectivity 

of the output mirror, L is the non-saturable intracavity round-trip dissipative optical 

loss, gsσ  is the ground-state absorption cross-section of the saturable absorber, γσ is 

the stimulated emission cross-section of the gain medium, γ is the inversion reduction 

factor with a value between 0 and 2 as discussed in [33], and β   is the ratio of the 

excited-state absorption cross-section to that of the ground-state absorption in the 

saturable absorber. Since the σ  value of the Nd:YVO4 crystal (25·10-19cm2) is 

comparable to the gsσ  value of the Cr4+:YAG crystal (~(20±5)·10-19cm2 [34]),the 

ratio 2
21 )/(/ ωω=SAA  generally needs to be greater than 10 for good passively 

Q-switching. As seen in Fig. 6-2, this criterion can be satisfied in the present cavity for 

pump power higher than 10 W. In other words, the experimental result consists very 

well with the theoretical analysis.  

 

6.5 Experimental Results 

 

Fig.6-3 shows the average output power at 1573 nm with respect to the incident 

pump power. For all pump powers the beam quality M2 factor was found to be less 

than 1.3. The average output power reached 1.56 W at an incident pump power of 14.5 

W. The conversion efficient from diode laser input power to OPO signal output power 
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was 10.8%. To the best of our knowledge, this is highest efficiency for average power 

conversion. The pulse temporal behavior at 1064 and 1573 nm was recorded by a 

LeCroy 9362 digital oscilloscope (500 MHz bandwidth) with a fast germanium 

photodiode. An oscilloscope trace of a train of the signal pulses is shown in the inset of 

Fig. 6-3. The pulse-to-pulse amplitude fluctuation was found to be within ±10% 

.Fig.6-4 depicts the pulse repetition rate and the pulse energy at 1573 nm versus 

the incident pump power. It is seen that the pulse repetition rate is proportional to the 

incident pump power and up to 58.5 kHz at an incident pump power of 14.5 W. On the 

other hand, the pulse energy initially increases with pump power, and is almost 

saturated beyond 10 W of the incident pump power. 

A typical temporal shape for the laser and signal pulses is shown in the inset of 

Fig.6-4. It can be seen that the several satellite peaks accompany the main pulse whose 

pulse width is approximately 2.5 ns. Although the present output coupler reflectivity 

( SR = 85%) can lead to higher conversion efficiency, the stored energy is not fully 

extracted in a single output pulse. Since the remaining energy is sufficient to evolve the 

pump filed, the OPO threshold can be reached again and a second signal pulse is 

produced. 

The energy in the satellites is about 30–40% of the total output energy. The output 

energy of the main pulse is estimated to be in the order of 15μJ at the pump power 

higher than 10 W. Therefore, the overall peak power can be higher than 5 kW. To 

produce a single pulse output, the OPO output reflectivity needs to be reduced to <75%. 

As shown in Fig. 6-5, a single pulse can be generated with a signal reflectivity of 70% 

on the output coupler. Experimental results reveal that the maximum conversion 

efficiency can be obtained with an output coupler of 85–90% at the sacrifice of peak 

power. If the high peak power is desired, the output reflectivity needs to be around 

60–70%. 

 

6.6 Summary 

 

In summary, a high-power efficient diode-pumped passively Q-switched 

Nd:YVO4/KTP/ Cr4þ:YAG eye-safe laser has been demonstrated by using a saturable 
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absorber Cr4þ:YAG was coated as an output coupler of the OPO cavity to enhance the 

performance of passive Q-switching. Considering the thermal lensing effects, the 

cavity length was designed to allow mode matching with the pump beam and to 

provide the proper spot size in the saturable absorber. Consequently, the average output 

power at 1573 nm can amount to 1.56 W with a pulse repetition rate of 58.5 kHz and 

the peak power >5 kW at an incident pump power of 14.5 W. 
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Fig.6-1 Schematic of the intracavity OPO pumped by a diodepumped passively 
Q-switched Nd:YVO4/Cr4+:YAG laser. 
 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.6-2 Calculation results for the dependence of the mode size ratios pωω /1  and 

12 /ωω  on the pump power for the present cavity configuration. 
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Fig.6-3 Dependence of the average output power at 1573 nm on the incident pump 
power. An oscilloscope trace of a train of the signal pulses is shown in the inset. 
 

 

 

 

 

 

 

 

 

 

 

 

 
Fig.6-4 Dependence of the pulse repetition rate and the pulse energy at 1573 nm 
on the incident pump power. A typical temporal shape for the laser and signal 
pulses is shown in the inset. 
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Fig. 6-5 Typical temporal shapes for the laser and signal pulses with a signal 
reflectivity of 70% on the output coupler. 
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Chapter 7 Conclusion and Future Work 

 

This dissertation experimentally and analytically investigated the OPO design of 

several eye-safe solid-state lasers.  In the active eye-safe lasers region, we 

experimentally accomplished an high-repetition-rate OPO by using a non-critically 

phase-matched KTP crystal intracavity pumped by an AO Q-switched Nd3+:YVO4 laser. 

Operation of a singly resonant pulsed KTP intracavity OPO pumped by an AO 

Q-switched Nd:YVO4 laser has been demonstrated. Using a type II non-critically 

phase-matched x-cut KTP crystal, eye-safe signal radiation at 1573 nm was generated 

in a plane-parallel to the intracavity OPO resonator. It was found that the maximum 

pulse energy may saturate beyond a given above-threshold intracavity OPO factor, but 

increasing the signal reflectivity of the output coupler can efficiently increases the 

average output power. The conversion efficiency for the average power is up to 10.6% 

from pump diode input to OPO signal output. The effective cavity dump of intracavity 

OPO leads to a relatively short signal pulse width for repetition rates from 10 to 80 

kHz. As a consequence, the peak power for signal output can be up to several kilowatts 

for the entire frequency range. The compact size and high efficiency of the present 

laser make it an attractive source for practical applications. 

The next topic was the study of the output optimization of a high-repetition-rate 

diode-pumped Q-switched intracavity optical parametric oscillator at 1573 nm with a 

type-II non-critically phase-matched x-cut KTP crystal. Numerical calculations have 

also been performed to confirm the experimental results. It was found that the 

maximum conversion efficiency can be obtained with an output coupler of 85%–90% 

at the cost of peak power. If high peak power is desired, the output reflectivity needs to 

be around 60%–70%. 

In the passive eye-safe lasers region ,the operation of a singly resonant pulsed 

KTP intracavity OPO pumped by a diode-pumped passively Q-switched Nd :YVO4 

/Cr4+ :YAG laser was demonstrated. A saturable absorber Cr4+ : YAG was coated as an 

output coupler of the OPO cavity to constitute a realistic, inexpensive source of 

eye-safe nanosecond laser. The low threshold power permits the use of a relatively 
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low-power laser diode (2.5W). The conversion efficiency for the average power is up 

to 10.2% from pump diode input to OPO signal output. The effective cavity dump of 

intracavity OPO leads to the relatively short signal pulse width with high repetition 

rates. As a consequence, the signal peak power can exceed 1 kW with a pulse repetition 

rate of 62.5 kHz at an incident pump power of 2.5W 

In the last, an efficient high-power diode-pumped passively Q-switched Nd:YVO4 

/KTP/Cr4+:YAG eye-safe laser was accomplished by considering of the thermal lensing 

effects. The cavity length was designed to allow mode matching with the pump beam 

and provided the proper spot size in the saturable absorber. Consequently, the average 

output power at 1573 nm can amount to 1.56 W with a pulse repetition rate of 58.5 

kHz and the peak power above 5 kW at an incident pump power of 14.5 W. 

As the passively QS experimental results had reviled that shared cavity 

configuration has better stability performance, it will be worthwhile to apply the 

similar configuration to the actively Q-switched system and to use this configuration 

with PPLN to demonstrate the wavelength tunable IOPO configuration.  

These compact and high-efficient eye-safe lasers introduce many potential 

applications studying in the future :  

First, since they are more safe to human eyes, they can be developed to replace the 

traditional solid state lasers which have been used in commercial range finder and laser 

radar applications.  

Second, after scaling up the output power, they can be used to remand the 

insufficiency of laser diode in the high-repetition-rate high-power application such as 

in laser indicator and active-imaging system. 

Third, after militarizing these prototype system, they could be used for defense 

applications such as army tank or missile-borne or navy range finder, imaging system, 

etc.. Furthermore, the future study could improve the defense industry and promote the 

self-defense ability. 

 

 


