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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

1.5-1.6 4 m 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 Nd**:YVOy, 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 Cr*": 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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Chapter 1 Introduction

Nanosecond pulsed lasers emitting in the eye-safe wavelength region (1.5—1.6 pm)
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 pm 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

approaches. There are three methods to reach the goal : erbium (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 approach to manufacture an

eye-safe laser, but also be a nice method to achieve 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 pym
[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



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 :YVO, and Nd : GdVO, 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 Cr*" :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:YVOQ, 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:YVO, 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 um 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 :YVO,
laser is also experimentally demonstrated. To enhance the performance of passive
Q-switching, a Cr*: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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Standards for safe use of Lasers

AMNSI F136.1-1993 Visible and
Er 60325.1-1904 Near-Infrared
CHE 11640 21043 (4001400 nim)

Mid-Uhraviolet
(180-315nm)

Near-Ukraviolet
{315-390nm)

Fig.1-1 The spectral transmission characteristics of human eye and the related
laser safety standards.
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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]

¢(7",t) = ¢(Oat)exp[_ 2_’fj (21-1)

Wy

where ¢(0,¢) is the photon density along the laser axis ,ris the radial coordinate,

o, 1s the laser mode radius, which is determined by the geometry of the resonator.

.[ mMyz rdr :‘[ " ¢(l",t) |:207”l(7/',t)l . ln(lj - L:|27Z' rdr (21_2)
0 dt 0 tr R
% = —yocd(r,t)n(r,t) (2.1-3)

where n(r,t)1s the population inversion density, o and /are the stimulated emission
cross section and length of the gain medium, respectively, ¢ =2/ /cis the round-trip
transit time of the light in the resonator of optical length / ,cis the light speed in
vacuum, Ris the reflectivity of the output mirror, yis 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 Lis the remaining round-trip
dissipative optical loss.

For four-level gain media like Nd®" :YAG and Nd** :YVO, (1.06 xm), the



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,

n(r.0)= n(O,O)exp(— 2—22} (2.1-4)

P

where ,1s the average radius of the pump beam in the gain medium and 7(0,0)is the

initial population inversion density in the laser axis.

When the threshold population inversion n,(r,0) is small relative to the initial
population inversion density n(r,0),for example, n(r,0)/n,(r,0)> 2.5,then the residual
population inversion density n(r,tf) 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

2

n(r,t)= n(0,0)exp(— 20)%} : exp{— 7acjg¢(0, t)dt - exp[— 260_’5}} (2.1-5)

P !

Substituting (5) into (2) yields

dgl0.1) _ 431‘ H0.00(0.0)] " exp{_ ace| p(0, 1)t exp[— Z;H

dt 't ;

: exp[— 2r2(12 + lzﬂh -dr - #0.1) {ln[lj + L}
®, o] t, R

(2.1-6)

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

derived by setting (6) equal to zero at 1 =0.

n,,(0,0) = %(l + w_fj (2.1-7)

2
Wp



Here introduce the normalized timer, normalized photon density ®(r,z)and

normalized population inversion density N(r,7)as

t t 1
T :Z:Z[ln(EJ_FL} (2.1-8)
lr.7)= 1n¢i§;’?L 219
2yol’
B n(r,z') -
N(r,z)= " (00) (2.1-10)

where ¢ is the photon decay time, N(0,0)is the ratio of the initial population inversion
density in the laser axis#(0,0) to the threshold n,(0,0).
Then, the output pulse width W, pulse peak power P, and pulse energy £ can be

expressed explicitly as

(T +7 .)-t

W = SIS WA 2.1-11

o ve)e 1n(l/R)+ L 11D
2

P - @m(lj [g,av =2 [m[lj ; L} - ln(lj D, 2.1-12)

t. R 4oyt, R R
hv 1 ww hy 1 o
E =Zln(Ejﬂ #(r,1)avdr = 4;7 h{ﬂ- j , ®(0,7)dz (2.1-13)

where @ is the maximum value of ®(0,7).



2.2 Passively Q-Switched Laser Design Criteria

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

) : : 2on.l .
Q-switched laser as function of two variables a =oy,/0y, and,z = % 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
n, 1s 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, n,is determined by the initial transmission of the

saturable absorber( 7, ) and the reflectivity of the out put mirror( R ).

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

% _ %[20711 ~2o,n ]~ 20l - (ln(%) +L)] 2.2-1)

dn

“r_ 2.2-2

= reopn (2.2-2)

dn,, A

dz:g = —A—Scagsqﬁngs (2.2-3)

g, =Ny + 1, (2.2-4)
where

¢ 1s the intracavity photon density with respect to the effective cross-sectional area of

the laser beam in the gain medium;
n 1is the population density of the gain medium;

[ 1is the length of the gain medium;

o is the stimulated emission cross sections of the gain medium;



[ 1is the length of the saturable absorber;
A/ A, 1s the ratio of the effective area in the gain medium and in the saturable

absorber;

n, ,n, are the population density of absorber ground state and excited state,

gs 2
respectively;

n, 1s the total population density of absorber;

o0, arethe GSA and ESA cross sections in the saturable absorber, respectively;

gs?
R 1is the reflectivity of the output mirror;

y 1s the inversion reduction factor and equal to 1,2 for four-level and three-level

systems ,respectively;
L 1is the nonsaturable intacavity round-trip dissipative optical loss;

¢t is the round-trip transit time of light in the cavity ,equal to 2/ /c, where ['is the

”

cavity optical length , ¢ 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

My =11, () (2.2-5)
where
a= 4 (2.2-6)

n, 1s the initial population inversion density in the gain medium and », 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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gs'"s0"s

2onl-20,n,l — (ln(%) +L)=0 (2.2-7)

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

T, =exp(-on,l) (2.2-8)

gs'"so"s

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

In(-5) +In(x) + L

n, o] (2.2-9)
Dividing (1) by (2) and substituting (5) into the result gives
99 _ LN 128y e i S (2.2-10)
dn yl 20nl 7 n, 20ln

where
B= O (2.2-11)

Since the first derivative of ¢with respective to nat n=n,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.

BIn(5)+In(3) + L

20ln®

A’ _ L (=P a=D, e
dn® 7/1'[ 201ln} ln(TUZ)(ni) i

(2.2-12)

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

11



[ec(1= B) = 1]In(-%) — In(%) — L > 0 (2.2-13)
Substituting (6) into (13), the criterion for the second threshold becomes

11’1(%02) o o A 4

> (2.2-14)
n(D+In(H+L o 4, 1-4

Note that the parameters « and are fdetermined from the cavity configuration

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

very straightforward that the more the « value greater than 1,or the closer the p

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

the permissible max. 7, 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 OPQO’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 OPQO’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 1idler’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
0’ 4z 0°

VZE(I",I)—/JOSO?E(I’,I)Zc—zyp(l",t) (23-1)

In the case of basic three-photon parametric process,
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E(]/"t) = %{El(’,.)ei(kl ‘r—ot) + E2 (r)ei(kz»r—(uzt) + E3 (r)ei(k3~;'—a)3t)

(2.3-2)

+ complex conjugates}
P(r,t)= %{PL (r,t) + P (r,t) + complex conjugates} (2.3-3)
where
P (r,t) = V(@) E, (1" + yV (@) E,(r)e" """ + yV(@,)E,(r)e'“ " (2.3-4)

PNL (r’ t) — Z(z) (a)3) : ElE;ei((kl_kz ):r—st) + Z(Z) (a)z) . E]E;ei((kl_ks)"’_wzt)

@ i((ky +hy ) rayt) (2.3-5)
+ 1 (w): E,E;e :

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

62 (”l @ )2 ik,z 47[(02 * iz
2.3-6)
82 (I/l30)3)2 ik;z 472-0)32 * ik;z ( .
2 E(2)e"™* = ———>d ,E Eje"
where d o 1s the effective Kleinman d-coefficient
@
dy = Z X €208 03k (2.3-7)

i,j,k=1

¢,; 1s the direction cosine of the E with respect to j -axis
Z(? refers to frequency-mixing process
7j

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

equations can be solved more easily. Then
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0 27k, .
EEZ(Z)zlL n jdefprE3(Z)

2
’ (2.3-8)
0 27k, \
6_E (Z)_l( > JdeﬁEpEZ(Z
n,

Combing the above two equations

52 @7 kyksd | |E, [
P (2:39)
- £'E,(2)

where g is defined as the spatial gain coefficient.

This equation could be solved under the boundary conditions E,(0)and E_ (0).
Lead to

E.(z)=E (0)cosh gz +i - ﬁ E’(0)sinh gz
n
U (2.3-10)
E.(z) = E,(0)cosh gz +i > ]]j E7(0)sinh gz
n.

l S

Assume the crystal length is L, and the reflectivity of the OPO cavity mirrors are
r,and r, ,respectively, so the boundary conditions are £,(0) =0and E_ (0) =rr,E (L)

Then , the oscillation condition is

E (L)=E_ (0)coshgL =rnr,E (L)cosh gL (2.3-11)
It can be rewrote as

1 =rr,coshgL

(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

hv,=hv +hv, (2.3-13)
it implies

11,1 (23-14)

A, A A

For significant parametric amplification, the generated polarization waves should
be travel at the same velocity, which implies the & vectors or refractive indices for the
waves in the material need to satisfy the momentum-matching condition, i.e.

k, =k +k (2.3-15)

and for collinearly condition, it implies

L DT (23-16)

where n,,n andn,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 Il 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

n,<n,<n_, the indices of reflection for the ray propagation in the direction of

k ,(6,¢)can be calculated by

2 k2 2
ke K A E _ (2.3-17)

+
) -2 -2 -2 N -2
(nwj - nx,a_)/) (n(uj - ny,a_)/‘) (na)] - nz,ay')

where k, =sinf@cos¢ .k, =sinfsing ,k_ =cosd

and the n ,n,,n. at o, frequency can be pre-calculated from the appropriate

Sellmeier equation.

0.03901

n? =3.0065+— ~0.013274°

' A% —0.04251

n’ :3.0333+20'0&—0.01408f (2.3-18)
A% —0.04547

n’ =3.3134+f'oﬂ—o.omm2
2 —0.05658

For type-I interaction, phase matching condition is achieved by
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a)pna)pl = a)sn{uﬂ + a)ina)iZ (23'19)

For type-II interaction,

a)pna)pl = a)sn{usl + a)ina}iZ (23'20)

or

®n, =omn,,+won (2.3-21)

p Tapl s ws2 i"" il

The turning range of an OPO pumped by a 1.06jum Nd laser and employing a
Type-II KTP crystal (¢=0°) 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 (YVO, ) ,gadolinium orthovanadate (GdVOy ),
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:YVO, 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:YVO, 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, r,(x,y,z) can be approximately describer as a

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

-z

ae 2( 2 .2 -
r,(x,y,2) = ﬂa)f,(z)[l—e‘“’J@(wp(z) X" —y ) (2.4-1)
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where @, (z) is the pump beam waist in the gain medium,
o s the absorption coefficient at the pump wavelength,

O 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.

+ ln[ﬁﬂ 0w (z)-r?) (2.4-2)

AT(r,z)=T(r,,z)

é:szs aeiaz ,,«2
=T ||l
47K, 1-e ®’(2) ;

n{Z ) ol o)

r

LSS}

where P, is the absorber pump power, &is the fractional thermal loading the

laser crystal, and /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, o/ >>1 and o,/r, <1/2,

the maximum tensile stresso, . 1s given by

2
®
O_max = aTE gPabs ’ a ! 1 - l p(Z)
47K, 1-e™“ A

_ESP, a

abs

47K

c

(2.4-3)

where Eis Young’s modulus and «; is the coefficient of thermal expansion.

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

1 4nR
Pabs,limit = E ' é: L

(2.4-4)
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K )
Where R, = Lg“”‘ is the thermal shock parameter of laser crystal.
aT

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]

n(r):no(l—yrz)

(2.4-5)

Where n, is the index of refraction at the center, r is the radial position, yis a

positive parameter.

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

D =2ynyl

The refraction power is related to the dissipated heat Py by

D = ! 5 @+g P,
k2mb° | dT
PH:Znexcf)ele

Where K is the thermal conductivity

dn/dT is the temperature derivative of the index of refraction
& 1s the stress dependent variation of the index of refraction
x 1s the thermal load

n.. 18 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

My, = F:ﬁh ll_/’gh} (2.4-9)
where

D=2yn,l (2.4-10)

h=1/2n,) (2.4-11)

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

& L
MD = glg; -1 g* (24—12)
L 2
Where
g =g -D-d,(-d/R) ij=12i#j (2.4-12a)

g =1-(d,+d,)/R, (2.4-12b)
L' =d +d,—Ddd, (2.4-12¢)
D= % : refractive power (2.4-124d)

Beam radius at mirrors:
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> = N7 (2.4-13)

Waist radii:

» AL \/glgzh_gng) (2.4-14)

T gL/pf+eli-ggl)

oi

Beam radius at the principal planes:

2 2 % * %
o7 = ( _i] +(d—1) gli=gle) (2.4-15)
P L &>

For a fiber- coupled laser diode, the thermal lens power can be derived by [7]

D — abs [dn/dT +( l)aT]
27K .. w’

pa

(2.4-16)

where w,, is the average pump size in the active medium, it can be expressed by

jl ae”™™ 1 s (2.4-17)
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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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parametric process.

27



(pm)

50 60 70 30 90
8. (degree)

Fig.2-5 The turning range of an OPO pumped by a 1.06 ¢ m Nd laser and
employing a Type-II KTP crystal .

28



Chapter 3 Intracavity OPO Pumped by a AO Q-Switched Nd:YVO, Laser

3.1 Introduction

Nanosecond pulsed lasers emitting in the eye-safe wavelength region (1.5—1.6 pm)
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 (OPQO’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 OPQO’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 1.55um [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
OPQO’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:YVO,

29



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 um 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 um. The fundamental cavity was formed
by a coated Nd:YVO, crystal and an output coupler. The a-cut 0.3 at.% Nd*7,
7-mm-long Nd:Y VO, 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:Y VO, 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 (6= 90°and ¢= 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:YVO, 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:Y VO, 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 SW. 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 M? 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 uJ 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 pJ 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

32



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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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 um 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 um [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 : YVOy, 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 pm.

Experimental results reveal that the output reflectivity for the maximum conversion

39



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%. Nd**, 7-mm-long Nd*":YVO, crystal. A
Nd**:YVO, 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 (0= 90°and ¢= 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:YVO, 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:YVO, 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 M* 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:

— =—co@g,n (4-1)

41



dg, 1. Ly ANGS :
0 = lm CO7’l(¢p + A¢P) lm O-OPO¢S¢P trp [IH(RJ + L} (4 2)
dd_¢ts = CO_0P0¢P(¢S + A¢s)_ %l:ln(Risj + LS} (4_3)

where n is the inversion population density of the gain medium, c¢ is the speed of

light, ¢,1s the pump photon density, ¢; is the signal photon density, /, is the

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

medium, ¢ is the round-trip time in the laser cavity, /. is the length of the gain

P cr

medium, 7, is the length of the non-linear crystal, Ag, is the spontaneous emission

intensity, Lis the round-trip pump wave intensity loss in the laser cavity, Ris the

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

resonator, o, 1s the effective OPO conversion cross section, Ag, is the noise signal
intensity, L, is the round-trip signal wave intensity loss in the OPO cavity and R, 1is

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, o,,,, can be derived from the parametric gain

coefficient for small gains of the single resonator oscillator:

8w,w,d 1Y W

_ 7t 3

200p0lw = RPN (4-4)
nn,nE,c’ @)+

where ®,,w, are the idler and signal frequencies, respectively; n,,n,,n, are the
refractive indices at the idler, signal and pump wavelengths, respectively; d,, is the
effective non-linear coefficient; &, is the vacuum permittivity; andw,andc, 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 Rg= 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

R, = 85%, the peak power was a maximum with an output coupler of R;= 60%—70%,
as shown in Fig.4-6. It can be seen that with an output coupler of R;= 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 R;= 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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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
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48



Chapter 5 Intracavity OPO with a Passively Q-Switched Nd:YVO, Laser

5.1 Introduction

Compact pulsed lasers with emission at the eyesafe wavelength region (1.5-1.6
um) 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, Cr*" : YAG crystals have been successfully used as
passive Q-switches for a variety of gain media such as Nd :YAG [8], Nd :YVO, [9-11],
and Nd : GdVOy crystals [12], etc. Nd :YVO,4 and Nd : GdVO, 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 :YVO, and Nd : GdVO, lasers with Cr*" :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 :YVO, and Nd : GdVO, 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 Cr*" :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 :YVO,/Cr*" :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 Cr*":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.% Nd**, 2-mm-long
Nd**:YVO, 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 um 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, @,, was around 150 um.

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 Cr*":YAG crystal. The 20-mm-long KTP crystal was used in type II noncritical
phase-matching configuration along the x axis (0 = 90’and ¢= 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 Cr*" :YAG crystal has a thickness of2mm with 80% initial
transmission at 1064 nm. One side of the Cr*" :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

50



overall Nd:YVO, laser cavity length was approximately 55 mm and the OPO cavity

length was about 23mm.

5.3 Result and Discussion

The mode beam radii w, on the laser crystal and ¢, on the saturable absorber

can be given by

o | [ L o AL [R-L,
"N VR -L "z \ L (>-D)

where Ais the lasing wavelength, L. is the effective cavity length, and R, is the

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

L, =Lc* +HIA/ n=D)+lgpp (U ngpp, =1), L .

c

is the cavity length, »n is the refractive
indices along the c axis of the Nd:YVO, crystal, / is the length of the Nd:YVO,
crystal, /., isthe length of the KTP crystal, and #,,, isthe KTP refractive index for
the output laser beam. For the present cavity length of L = 55mm, w, and w, can

be calculated to be 225 um and 71 pm, respectively.

With w, =225 pm and w, = 150 pm, the ratio between the mode and pump
area, a=(w,/w, )*=2.25, satisfies the design criterion of mode-matching optimization

[19].0n the other hand, the ratio of the mode area in the gain medium and in the
saturable absorber, A/Ag=( w,/w,)*=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 M?
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 :YVO,/Cr*" :YAG laser has been
demonstrated. A saturable absorber Cr*" : 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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Chapter 6 Output Optimization of Diode-pumped Passively Q-Switched

Nd:YVO,/KTP/Cr**: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:MgF,
[2], Ni:MgF, [3], Cr*":YAG [4,5], Er’":YLiF, [6], Er' :KY(WO,), [7], Er:YVO, [8],
Yb*":Tm*":YLiF, [9] and Er:Yb:glass [10]. Pulsed operation near 1.55 Im has been
achieved with passive Q-switching by use of C02+:LaMg Al}1Oq9 [11], Er:Cas(POy)sF
[12], U*":CaF, [13],U*":SrF, [14], Co*":ZnSe [15], Cr*":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, Cr':YAG crystals have been
successfully used as passive Q-switches for a variety of gain media such as Nd:YAG
[22], Nd:YVO, [23], and Nd:GdVO, crystals [24], etc. Even though passively
Q-switched Nd:YVO, and Nd:GdVO, 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 % are mostly composed of Nd:YAG and Cr*":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:YVO,/KTP/Cr*":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 1s a schematic of the passively Q-switched intracavity OPO laser. Here a
saturable absorber Cr*":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.% Nd’*, 7-mm long Nd:YVO, crystal. Both
sides of the laser crystal were coated for antireflection at 1064 nm (R < 0:2%). A
Nd:YVO, 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 Im
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, @p, was around 350jam. The input mirror, M;, 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 Cr*":YAG crystal. The 20-mm
long KTP crystal was used in type II noncritical phase-matching configuration along
the x-axis (6= 90°and ¢= 0°) to have both a maximum effective nonlinear coefficient
and no walk-off between the pump, signal, and idler beams. 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 Cr*":YAG crystal has
a thickness of 3 mm with 80% initial transmission at 1064 nm. One side of the
Cr*":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:YVOy, 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]

L_J-z &P, ae ™ [dn/dT +(n—-1)a,] 3
S 027K 1-e @’ {1+[A,M (2 - z))/ nne, ]’} (6-1)

where & is the fractional thermal loading, K_ is the thermal conductivity, P, is

C mn

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

crystal, dn/dT is the thermal-optic coefficients of n, «; is the thermal expansion

coefficient along the a-axis, [ is the crystal length, ), is the radius at the waist, 2,

is the pump wavelength, A is the pump beam quality factor, and zis 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

w; on the laser crystal and @, on the saturable absorber can be given by [29]

o, = |2 \/ £ =120 % j (6-2)
7 \g(l-g8)

where g, =1-(d; +d,)/ py —d>(1=di/ p))/ f &> =1-dy/
L=d,+d,—did, /| [y, di=d,+1.(/n ~1)+1p(1/ngp—1)

A is the lasing wavelength, p; is the radius of curvature of the input mirror, d; and
d, are the distances between the cavity mirrors and the principal planes of the laser
crystal, ngandngrp are, respectively, the refractive indices of the saturable absorber
and the KTP crystal, and/ and /., 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 4 =1/2n [29]. With

Egs. (6-1) and (6-2), the dependence of the mode size ratios ,/w, and @, /@, 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: £=0.24 -
K.=0.0523W/K-cm*  @,=0.35mm> M, ~310° d,=2mm> d,=48mm-> p,=50mm -
n=2.165> n,=182 > n,,,=1.745 > [=Tmm > [, ,,=20mm > [,=3mm °

dn. /dT=3.0x10°K" > and «,=4.43x10°K"". It is clear from Fig.5-2 that mode-to-
pump size ratio o, /@, 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 ®,/w, can be in the range of 0.1-0.3,

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

1
11'1(72)
To Ocs A __ 7 (6-3)
1 1 c A 1-p
In(——)+In(—)+L s
() +InC)

0

where 7, is the initial transmission of the saturable absorber, A/ A, is the ratio of the

effective area in the gain medium and in the saturable absorber, R is the reflectivity
of the output mirror, Lis the non-saturable intracavity round-trip dissipative optical

loss, o, is the ground-state absorption cross-section of the saturable absorber, o, is
the stimulated emission cross-section of the gain medium, y is the inversion reduction
factor with a value between 0 and 2 as discussed in [33], and # 1is the ratio of the

excited-state absorption cross-section to that of the ground-state absorption in the
saturable absorber. Since the o value of the Nd:YVO, crystal (25:10"°cm?) is
comparable to the o, value of the Cr*":YAG crystal (~(20+5)-10"°cm® [34]),the

ratio A/ A; =(w,/w,)’ 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 M 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

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

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 15 i J 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/ Crdp:YAG eye-safe laser has been demonstrated by using a saturable
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absorber Crdp: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
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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 Nd**:Y VO, laser.
Operation of a singly resonant pulsed KTP intracavity OPO pumped by an AO
Q-switched Nd:YVO, 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-1I 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 :YVO,
/Cr*" :YAG laser was demonstrated. A saturable absorber Cr*" : 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:YVO,
/KTP/Cr*: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.
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