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The beam divergence effects of the input pump laser on a high power nanosecond optical parametric oscillator

(OPO) have been numerically simulated. The OPO conversion efficiency is affected due to the angular deviation of

real laser beams from ideal phase matching conditions. Our theoretical model is based on the decomposition of the

Gaussian beam and assumes each component has a single deviation angle and thus a particular wave vector mismatch.

We take into account the variable intensity profile in the spatial and temporal domains of the Gaussian beam, the pump

depletion effects for large-signal processes as well as the oscillatory effects of the three waves. Two nonlinear crystals
B-BaB204 (BBO) and LiB3Os (LBO) have been investigated in detail. The results indicate that the degree of beam
divergence strongly influences the maximum pump intensity, optimum crystal length and OPO conversion efficiency.

The impact of beam divergence is much more severe in the case of critical phase-matching for BBO than in the case of

non-critical phase-matching for LBO. The results provide a way to choose the optimum parameters for a high power ns

OPO such as the nonlinear material, the crystal length and the pump intensity, etc. Good agreement is obtained with

our experimental results.
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1. Introduction

Optical parametric oscillators (OPOs) pumped by
intense laser pulses are powerful sources because of
their coherence, broad tuning range, and high con-
version efficiency.["?] Their wavelength tunability and
high output power make them ideal light sources for
an enormous number of applications, including light
detection, free-space telecommunications, medical re-
search, display technology, and welding. The devel-
opment of high-power pump sources and high-quality
nonlinear optical crystals with high damage threshold,
such as 8-BaB;04 (BBO), LiB305 (LBO), KTiOPOy4
(KTP) and KTiOAsO4 (KTA) promises even higher

power and conversion efficiency OPOs.[3~5]

However, the pump laser beams from practical
laser systems are not perfectly collimated and have a
finite beam divergence. This means that some por-
tions of the input beams will not be properly phase

matched during the OPO processes, thus the conver-
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sion efficiency will be affected. When nanosecond (ns)
pulses are used, longer interaction lengths in the crys-
tals are required. Under these conditions, dephasing
due to angular, spectral, and temperature bandwidths

and crystal nonuniformity becomes important.

The simulations on ns OPO performance have
been studied extensively by a number of authors.[6=12]
Most analyses of these works were limited to small
OPO conversion efficiencies with low pump depletion
or beams without divergence. For examples, Bros-
nan and Byer!”) obtained an analytic expression to
describe the parametric process based on nondiverg-
ing waves in the low depletion limit. Following this
model Terry et all® added optical cavity modes but
retained the assumption of low pump depletion. These
models can predict only threshold characteristics but
not the OPO conversion efficiency or power profile.
Debuisschert!®! reported a semi-analytical model on

ns OPOs which took into account the pump deple-



No. 10

Beam divergence effects on high power optical ...

2027

tion and the transverse profiles of the fields, but ig-
nored the beam divergence. Similarly, Fix and Wallen-
stein (1% calculated the intensity of the output pulses,
the total pulse energy, the efficiency, and the spectral
distribution in the mode spectrum for OPO operation.
Their model was based on numerical integration of the
frequency-mixing equations by decomposition of the
Gaussian pump pulse and included depletion effects.
However, their analysis again neglected beam diver-
gence. Very few papers have been published on ns
OPO models that include both pump depletion and
beam divergence. Arisholm'" and Urschel et all'?
presented numerical models with pump depletion as
well as the beam divergence. The former investigated
the quantum noise initiation and macroscopic fluctu-
ations in OPOs. The latter analysed the spatial be-
haviour of ns BBO-OPOs, and their calculations pro-
vided detailed information on the dependence of the
OPO beam quality on pump energy. In this article we
extend the calculation of Fix and Wallenstein and in-
vestigate theoretically the impact of a Gaussian pump
beam’s angular spectrum on ns OPO conversion effi-
ciency in more detail, taking into account a variable
intensity profile in the spatial and temporal domains
of the Gaussian beam, birefringence, arbitrary cavity-
mirror reflectivities, pump beam depletion effects for
large-signal processes, as well as the round trips of
the signal, idler and pump waves in the OPO cav-
ity. The model is applied to critically phase-matched
(CPM) BBO-OPO and non-critically phase-matched
(NCPM) LBO-OPO. The results obtained in this pa-
per suggest a way to choose the optimum parameters
for a high-power ns OPO such as the nonlinear mate-

rial, the crystal length and the pump intensity, etc.
2.Model formulation

OPO is a three-wave interaction process, in which
pump, signal, and idler waves are involved. The cou-

pled differential equations for their amplitudes are

dFE .

—1 + a1E1 = iKlEgEgelAkz,

dz

dE .

— + @By = iky By By etk (1)

dz

dFE .

Bl + azFE3 = iK,gEzEleilAkz,

dz

where
Wi .
Ri = deffv L= 172737 (2)

n;c

and 1, 2 and 3 denote the signal, idler and pump
waves, respectively. In Eq.(1), «; is the loss coeffi-

cient of the OPO cavity and the nonlinear crystal,

and Ak = |Ak| the wave vector mismatch. In Eq.(2),
w; is the angular frequency, n; the refractive index of
the nonlinear crystal, and deg the effective nonlinear
coefficient. The intensity I is given in terms of the
electric field amplitude E by

I(r,t) = %ncao B )| (3)

The amount of dephasing among the waves is de-
scribed by the wave vector mismatch Ak. In general,
dephasing is due to the departure from the ideal phase
matching condition in the parametric three-wave in-

teraction:

Ak =k, —k, —k;. (4)

For a perfect Gaussian beam, the electric field
amplitude distribution in the spatial and temporal do-

mains can be written as
E(r,t) = Egexp(—r*(z) /w?(z)exp(—t*/7%),  (5)

where Ej is the electric field amplitude in the centre
of the beam, 7 the laser pulse duration, and w the
beam radius. The beam propagates according to the

following equation:

w?(2) = w? (1 + (MZA(Z—}ZO)Y) . (6)

TWq

where wq is the beam waist radius, z is the longi-
tudinal position (zp being the waist position), A the
wavelength and M? the beam quality factor. In this
paper we consider a perfect Gaussian beam for which
M? = 1. It is not difficult to generalize our model to
the case with imperfect beam quality.

Any real laser beam consists of a superposition
of waves with a distribution of divergence which con-
tributes to dephasing in OPO. We represent the elec-
tric field for the incident pump as a sum of waves with

many radial and temporal components:

N M
A= Z Z Aoexp(—rf(z)/w2(z))exp(—t?/7'2), (7)

i=1 j=1

in which A is the real part of the electric field ampli-
tude and Ay is the value of A in the beam centre. The
imaginary part has a similar expression. We divide the
beam radius into N components and the pulse dura-
tion into M components. The components at different
radial positions have different angular departures and
thus give rise to different values of the wave vector
mismatch Ak.



2028 Li Hui-Qing et al

Vol. 14

In a uniaxial crystal, type-I phase matching re-
quires that the wave propagates in a direction making
an angle 6 with the optic axis (i.e., the crystallographic
z axis) of the nonlinear crystal. Phase matching is
achieved by selecting the correct angle 8 = 6,,,. If the
wave vector direction of the three waves is Af away
from 6,, (i.e., 6 = 0,,+A0), the mismatch Ak is given
by

w w w
Ak = Zong (w3,0) ~ 2 (w2,0) — — 1 (w1,0), (8)

where n; is the refractive index of the crystal for the
w; wave, i=1, 2 or 3. By a Taylor expansion of Ak

with respect to 8 near 6 = 0,,,, we have

d(Ak
Ak = Akly_, + (Ak) A6
m Ao Jo_p
1 d2Ak 5
- — Af 9
t3 e, Ot (9)

For a negative uniaxial crystal such as BBO in type-I

phase matching,

ny (w1,0) =n, (w1),

ng (we,0) =n, (w2),

n3 (w3, 0) =ne (ws,0)

n2 (ws) n? () v

O e

n2 (ws3) sin® @ + n2 (ws) cos? §

; (10)

thus
dAk dK3; dK,; dK;

6  d9 d6  do
_dK3 ﬂdne (w3, 0)

S ds e de

=- 57”2 (w3, 0)

X [ng2 (w3) — ng 2 (UJ3)] sin20, (11)

dQAk _d2K3 - w3 d27’Le (LU3,9)
de2  de?2 ¢ dez
lw
=— > [n7? (ws) — ng? (ws)]

2 c
d 0
X {37& (w3, 0) % sin 26

+ 2n3 (w3, 0) cos 20] . (12)

The Sellmeier equations for BBO can be written as('3]

0.01878
2 2
= 2.7359 —0.01354\
Mo + A2 —0.01822 ’
0.01224
2 2
= 2.3753 — 0.01516A 13
e + A2 —0.01667 » (13)

where A is the wavelength in yum. By substituting
Eq.(13) into Eq.(10) and using Egs.(9)—(12), we can
obtain the wave vector mismatch Ak for a type-I phase
matched BBO crystal.

In a biaxial crystal, type-I phase matching re-
quires that the wave propagates in the direction at
an angle 6 with the optic axis and an angle ¢ with
the z-axis in the z-y plane of the nonlinear crys-
tal, and the phase matching direction of the three
waves is (O, ¥m). If the wave vector direction is
(6m + AD, ©, + Ap), we can also expand Ak into
a Taylor series with respect to 8 and ¢ near 6, and

©m, just as for a uniaxial crystal:

0 (Ak)
Ak=Ak|p_p oo \+ A
(6=0m,p=0m) o0 (0=0um o= pmn)

1 92Ak 2

Lok @62+, (1)

2 892 (9=9m,<p=<Pm)

9 (Ak)

Ak = Ak|y_p — Ap

‘(G*Gm#’*?’m) 880 (0=00m0=0mm)

1 92Ak

= (Atp)z-i-"' (15)

¥ (0=0m,p=pm)
From Eq.(8) we obtain
OAk w3 On(ws) wrOn(w2) wion(w) (16)
20 ¢ 00 c 00 c 00
PNk w3 0n(ws) wrdn(wy) wi 8%n(wr)
202 ¢ 062 c 062 c 002’
(17)
Ak w3 dn(ws) wydn(wp) widn(wr) (18)
dp ¢ Oy c Oy c 0p
PAk w3 Pn(ws) w2dn(wz) w1 0?n(w1)
dp2 ¢ Oy c 0Op? c  O¢p?
(19)

The refractive indices of the interaction waves

along the wave vector direction (6, ¢) in a biaxial crys-

1/2
2 ) L (0)

B? —4cC,

tal can be expressed as

Ple) = (—Bi T

where we take “-” when ¢ = 1,2 and “+” when i = 3

for type-I phase matching, and B; and C; are functions
of 0 and ¢:
B; = —sin® f cos® ¢ [n;2 (wi) + n;? (w;)]
—sin® @sin® ¢ [n,? (w;) + n; % (w;)]
—cos? 0 [n;Q (w;) + n;z (wz)] , (21)
C; =sin? 6 cos? gon;2 (wi)n; 2 (w;)
+sin? fsin? pn;? (w;) n; 2 (w;)

+ cos? On % (w;) n;Z (w;) - (22)
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The derivatives of B; and C; with respect to 6 and ¢

are
0B; B B 3
90 :[nz ? (wl) + ny 2 (wl) —n, 2 (wl)

— n;2 (wy) sin?

— n;2 (ws) cos> ] sin 20, (23)
oC; B B
50 :[ny 2 (wi)n2? (wi) cos? @

+ 1, (wi) n,? (wi) sin® @

—n,?% (w;) n;z (w;)] sin 26, (24)
8Bi -2 -2 .2 .
9o = [ny (w;) — (wi)] sin” 6 sin 2¢, (25)
aCT -2 -2 —2 .2 .
90 = [nx (wi) —n, (wi)] n;  (w;) sin® O sin 2¢. (26)

The derivatives of Eq.(20) can be expressed as

= (-

B 0B; 2801-
9Bi , "9 " 06
X ( 50 + BT iC, , (27)
0*n(w;) 90 [On(w;)
902 06 [ 00 |’ (28)
on(w;) V2 5 —3/2
%o 2 —B; £ /B2 — 4C;
0B; aC;
B2 _ o
_9B; 9p ¢
£  (29)
8(,0 B? — 4Ci
92 dp (o0

For LBO, the Sellmeier equations arel']

) 0.01125

2
n, =2.4542 + 2001135 0.01388)\~,
n? =2.5390 + o127 0.01849)2
Y A2 —0.01189
+4.3025 x 107°A% — 2.9131 x 10755,
n? =2.5865 + _ 001310 0.01862)2
z A2 —0.01223

+4.5778 x 107°2* — 3.2526 x 107°\%. (31)

Substituting Eq.(31) into Egs.(21)—(26) and then sub-
stituting Eqgs.(21)—(26) into Eq.(27)—(30), we can ob-
tain the wave vector mismatch Ak for type-I phase
matched LBO from Egs.(14)—(19).

For a high conversion efficiency OPO, no analyt-
ical solution is possible. We solve the coupled OPO
differential equations (1) numerically using a fourth-

order Runge—Kutta integration routine. The required

number of integration times and beam radius compo-
nents are determined by checking the resulting conver-
gence. The number of pulse duration components is
determined by the number of round trips of the pump
pulse in the OPO cavity. In our computational proce-
dure we introduce a variable beam intensity along the
propagation direction of the three waves due to the
propagation characteristics of a Gaussian beam. Dif-
fering from an OPA, for the OPO we take into account
the oscillatory effect of the three waves by consider-
ing the reflection coefficients of the two OPO cavity

mirrors for the pump, signal and idler waves.
3. Computational results and dis-

cussion

We now proceed to calculate the influence of the
angular divergence in an actual high-power OPO. In
our simulation, the OPO pump source is a 532 nm
green laser with a pulse duration of 50 ns and repeti-
tion rate of 10 kHz. The OPO process used is 532 nm
(e)=900nm (0)+1301 (o) and the signal wavelength
is 900 nm. We consider the single idler-resonant OPO
in which only the signal wave is output. The input
cavity mirror of the OPO has a partial transmission
of 65% for the pump laser. It is highly reflective for
the signal and idler waves, with reflectivities of 99.9%
and 99.8%, respectively. The output cavity mirror is
anti-reflective for the signal (transmission 94.5%) and
highly reflective for the pump and idler waves (reflec-
tivity 99.7% and 99.8%, respectively). In this case we
have to take into account the back reflection of the
pump and oscillation of the idler beam. In the follow-
ing calculations, two different crystals, BBO and LBO,
are considered. The BBO-OPO is in the CPM config-
uration and the LBO-OPO is in the NCPM configura-
tion which can be achieved by heating the LBO crys-
tal. In our calculation, we do not consider the walk-off
effect for the case of CPM BBO-OPO in which walk-
off exists. The essential processes of the interactions
of the Gaussian beams allow us to characterize the
effects of the beam divergence on the conversion ef-
ficiency. For NCPM LBO-OPO, there is no walk-off
effect.

Figures 1(a) and (b) show the signal conversion
efficiency as a function of interaction length at a pump
intensity of 90MW /cm? for several divergence angles
in BBO and LBO, respectively. There are a number
of observations to be noted. The OPO signal conver-
sion efficiency is larger for a smaller beam divergence.

There is an optimum length of the crystal to maximize
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the OPO signal conversion for a given pump inten-
sity and beam divergence. Due to the back-conversion
from the signal and idler waves to the pump wave in
the case of high efficiency and long crystal length, an
oscillating structure appears in the OPO conversion
along the length of the crystal. With the increase
of the beam divergence, the maximum signal conver-
sion shifts to a shorter crystal length. We note the
same qualitative behaviour for both CPM BBO-OPO
and NCPM LBO-OPO, but LBO exhibits one order
of magnitude greater divergence tolerance than BBO.
For the same divergence angle, a longer optimum crys-
tal length and hence higher conversion efficiency can
be obtained by using LBO instead of BBO crystal.
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Fig.1. Signal efficiency versus crystal length for differ-
ent divergence angles for: (a) BBO and (b) LBO. Sim-
ulation parameters: pump intensity Ip=90MW/cm2.

The computed signal conversion efficiency as a
function of pump intensity for different values of beam
divergence is illustrated in Figs.2(a) and (b). For a
given crystal length, the signal conversion efficiency

decreases with increasing beam divergence for both

BBO and LBO. However, the conversion efficiency
drops more slowly for LBO than for BBO. Also,
for higher pump intensities (usually corresponding to
higher pump power) the conversion efficiency with
LBO is higher than with BBO, so higher OPO out-
put power can be achieved with LBO.
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= s i
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10 +
I (b)
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Pump intensity /(MW /cm?)
Fig.2. Signal efficiency versus pump intensity for

different divergence angles for: (a) BBO, crystal
length=1.5cm and (b) LBO, crystal length=>5.0cm.

The OPO signal conversion efficiency can also be
examined as a function of the laser input intensity for
different crystal lengths at a given beam divergence.
Figures 3(a) and (b) show the conversion efficiency for
various crystal lengths for BBO at p=1.0mrad and
LBO at p=30mrad, respectively. Similarly, Figs.4(a)
and (b) show the conversion efficiency for BBO at
fp=5.0mrad and LBO at fp=80mrad, respectively.
It can be seen again from Figs.3(a), 3(b), 4(a) and (b)
that the optimum crystal length tends to be shorter
and the maximum conversion efficiency lower when

the beam divergence angle increases.
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Fig.3. Signal efficiency versus pump intensity for dif-
ferent crystal lengths for: (a) BBO, §p=1.0mrad and
(b) LBO, #p=30mrad.

To summarize the above results, the beam diver-
gence in a nonlinear crystal decreases the OPO effi-
ciency. Since LBO exhibits greater divergence toler-
ance than BBO, a longer optimum crystal length and
higher conversion efficiency can be obtained by using
LBO in a high-power ns OPO.

Our model has been compared with the exper-
imental results of our OPO,*! where a 50 mm long
NCPM LBO crystal was employed. The 532 nm green
pump laser (50ns, 10kHz) was a focused beam of diver-
gence angle 12.5mrad, which corresponds to the case
of fp=0mrad to §p=20mrad in Fig.1(b).

and output mirror parameters were the same as those

The input

in our simulation. Through optimization of the de-
sign parameters, up to 13.5W of average signal power
was obtained with a conversion efficiency of 50% for

2

a pump intensity of 135MW /cm?. These experimen-

tal results are in good agreement with our numerical

simulation.

4. Conclusion

A numerical model has been developed to simu-

Pump intensity /(MW /cm?)

Fig.4. Signal efficiency versus pump intensity for dif-
ferent crystal lengths for: (a) BBO, 6p=5.0mrad and
(b) LBO, 6p=80mrad.

late the beam divergence effects on a high-power ns
OPO. Our model is based on a decomposition of the
Gaussian beam, with different components having dif-
ferent deviation angles and thus different wave vec-
tor mismatch values. We have taken into account the
birefringence, variable intensity profile in the spatial
and temporal domains, and the oscillation of the three

waves in the OPO cavity.

The effects of beam divergence on conversion ef-
ficiency have been analysed for two nonlinear crystals
BBO and LBO in the cases of critical and non-critical
phase-matching, respectively. The computed results
indicate that the degree of beam divergence has a
strong influence on the maximum pump intensity, op-
timum crystal length and OPO conversion efficiency.
The impact of beam divergence is much more severe in

the case of BBO-OPO than in the case of LBO-OPO.
The results obtained in this paper can help us

choose the optimum parameters for the nonlinear ma-
terial, crystal length, pump intensity etc when design-
ing a high-power ns OPO. Besides the OPO conversion

efficiency, using our model we can also numerically
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simulate the OPO output energy (power), the intensi-

ties of the signal, idler and depleted pump beams, the

temporal pulse profile, as well as the beam’s spatial

distribution.
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