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Angular spectrum characters of high gain non-critical
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Liu Jian-Hui(刘建辉), Liu Qiang(柳 强)†, and Gong Ma-Li(巩马理)

Center for Photonics and Electronics, State Key Laboratory of Tribology and Department of Precision Instruments

and Mechanology, Tsinghua University, Beijing 100084, China

(Received 7 July 2010; revised manuscript received 17 January 2011)

The angular spectrum gain characters and the power magnification characters of high gain non-walk-off colinear

optical parametric oscillators have been studied using the non-colinear phase match method for the first time. The

experimental results of the KTiOAsO4 and the KTiOPO4 crystals are discussed in detail. At the high energy single

resonant condition, low reflective ratio of the output mirror for the signal and long non-linear crystal are beneficial for

small divergence angles. This method can also be used for other high gain non-walk-off phase match optical parametric

processes.
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1. Introduction

Optical parametric oscillator (OPO) is an impor-
tant way to obtain the lasers with the wavelength
of 1.5–1.6 µm and 3–5 µm, which attracts much at-
tention and interest in the fields of remote sensing,
radar systems and optical-electronic countering.[1,2]

The KTiOAsO4 (KTA) and the KTiOPO4 (KTP)
are two of the main non-linear crystals working at
high gain condition to obtain high energy paramet-
ric waves and are usually used for their non-critical
phase match for non-walk-off and large effective non-
linear coefficient.[3−6]

The temperature characters and the acceptance
angles have been analyzed by many people,[7−9] while
none of them gave the models for the angular spec-
trum. As the divergence angle is an important pa-
rameter for judging the beam quality, it is necessary
to study the angular spectrum characters of optical
parametric oscillators.

In optical parametric oscillators, the divergence
angles of the parametric waves are usually worse
than that of the pump,[7] and the parametric waves
with smaller divergence angles can be achieved by
the OPO+OPA (optical parametric amplifier) method
or by the unstable resonators.[8] In 2003, Anstett
et al. numerically simulated the optical parametric

oscillators.[9] However, none of them put forward the
models of angular spectrum characters to the para-
metric waves.

This work, to the best of our knowledge, for the
first time, studies the angular spectrum gain charac-
ters and the power magnification characters for high
gain non-walk-off colinear optical parametric oscilla-
tors with the method of non-colinear phase match.
Two conceptions, the gain angle width (GAW) and
the power magnification angle width (PMAW), are
introduced to describe the angle spectrum characters.
Comparing the experimental results of the KTA and
the KTP crystals with the theoretical ones, we find
that they match in general.

2. Theory model

When the divergence angles of the parametric
waves are not zero, the three waves couple at the
non-colinear condition and the wave vectors match
as shown in Fig. 1. The coupled equations for plane
waves are[10−13]

∂As

∂z
+

αs

cos α
As = i

Ns

cos α
A∗i Apei ∆kz,

∂Ai

∂z
+

αi

cos β
Ai = i

Ni

cos β
A∗sApei ∆kz,

∂Ap

∂z
+ αpAp = iNpAsAie− i ∆kz, (1)

†Corresponding author. E-mail: qiangliu@mail.tsinghua.edu.cn

© 2011 Chinese Physical Society and IOP Publishing Ltd
http://www.iop.org/journals/cpb　http://cpb.iphy.ac.cn

054204-1



Chin. Phys. B Vol. 20, No. 5 (2011) 054204

where Nj (j= p, s, i) is the interaction coefficient, αj

(j= p, s, i) is the absorption coefficient of the nonlin-
ear medium, ∆k is the phase mismatch along z direc-
tion, Aj (j=p, s, i) is the amplitude of the pump, the
signal and the idler, α is the divergence angle of the
signal and β is the divergence angle of the idler.

Fig. 1. Vectors for non-colinear phase match.

The gain coefficient is

g =

√
8π2d2

eff

npnsniλsλicε0 cos α cos β
Ip − (∆k/2)2, (2)

where deff is the effective nonlinear coefficient, Ip is
the power density of the pump, nj (j=p, s, i) is the
refractive index of the pump, the signal and the idler,
λj (j=s, i) is the refractive index of the signal and the
idler, c is the speed of light in the vacuum, q0 is the
dielectric function of the vacuum.

Taking the X-cut KTP crystal (used in many
OPOs) as an example, we consider the X–Z plane.
The X–Y plane has the same conclusion with a sim-
ilar deduction. So do the X-cut KTA and the Y -cut
KTA.

For the X-cut KTP crystal, the phase match form
in the X–Z plane is like that in the positive uniaxial
crystals. The pump wave and the signal light are po-
larized along the Y -axes and the idler wave is in the
X–Z plane.

The refractive indexes of the pump and the sig-
nal are related to the wavelength. For the pump and
the signal, when the divergence angle of the signal
changes, the wavelength and the refractive indexes re-
main nearly the same, the idler wavelength and the
idler refractive index can be obtained by
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where θ = 90◦ + β.
When α = 0, the three waves satisfy the phase

match conditions. The phase mismatch along z direc-
tion is
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If 2πnp/λp − 2πns/λs − 2πni/λi = 0, then
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During the process of the three waves coupling,
the efficiency achieves the highest value when the
phase mismatch along z direction is the lowest, which
requires β = 0. And the gain coefficient for the signal
is
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The gain coefficient for the idler is
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With the small signal gain condition, ∂Ap/∂z ≈
0, and when Ai(0) = 0, the power magnification of the
signal wave with divergence angle of α is
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where l is the length of the crystal. The power mag-
nification of the idler with divergence angle of β is
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The gain angle width (GAW) is defined as the di-
vergence angle range when the gain coefficient exceeds
half of the maximum and the power magnification an-
gle width (PMAW) is defined as the divergence an-
gle range when the power magnification exceeds half
of the maximum. The GAW is the inherent charac-
ter of a certain phase match type with a certain type
of crystal and pump source. The divergence angles of
the output parametric waves are mainly determined
by the PMAWs.
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3. Experiment

For the three-wave-coupled equations used at the
plane wave condition, the nominally flat-topped pump
source was chosen for the OPO. The pump wavelength
was 1064 nm and the non-linear crystals were Y -cut
KTA and X-cut KTP. The OPO was designed as a
plane–plane single resonant oscillator to minimize the
cavity’s contribution to the divergence angle. The cav-
ity length was 30 mm (Fig. 2). The crystal lengths of

both KTA and KTP were 20 mm to reduce the back

conversion in the OPO. Both ends of each crystal were

anti-reflection coated for 1.064 µm, 1.5–1.6 µm and 3–

5 µm. The input mirror of the OPO was high trans-

parent (HT) for 1.064 µm and high reflective (HR)

for 1.5–1.6 µm, while the output mirror was HR for

1.064 µm and HT for 3–5 µm. The transmission for

the signal was T = 0.3 for the KTA OPO and T = 0.2

for the KTP OPO.

Fig. 2. Experimental scheme of the Y -cut KTA / X-cut KTP OPO.

For the Y -cut KTA crystal, the pump pulse was
10 ns in width with a diameter of 10 mm, a pump
pulse energy of 1 J and a pump divergence angle of
less than 1 mrad. While for the X-cut KTP crystal,
the pump pulse was 13.5 ns in width with a diameter
of 4 mm, a pump pulse energy of 102 mJ and a pump
divergence angle of less than 2 mrad.

4. Results and analysis

For the Y -cut KTA crystal, the idler divergence
angle was nearly 34 mrad in the experiment. The cal-
culated PMAW is 20 mrad, which is near the exper-
imental one. The beam radius of the idler wave as a
function of the transfer distance is shown in Fig. 3.

For the X-cut KTP crystal, the signal divergence
angle is 11.2 mrad which is in better agreement with
the theory result of 13.6 mrad.

In the experiments, the distribution of the pump
energy was not strictly flat-topped (especially there
were bright uneven spots in the beam spot), which
made the experimental results not match the theory
very well.

Webb and Moulton[5] gave the results for the X-
cut KTA crystal. The signal divergence angle was
7.3 mrad [θ ≈ 4M2λ/(πD)] under a low energy
and long pulse duration laser pumping and was 10

mrad under a high energy and short pulse duration
laser pumping. The theoretical results obtained by our
model are 7.8 mrad and 8.4 mrad, respectively.

Fig. 3. The beam radius of the idler wave as a func-

tion of the transfer distance for the Y -cut KTA. The idler

divergence angle is 34 mrad.

In both our and Webb’s experiments, the high en-
ergy high gain pumps were used, so the divergence an-
gles of the parametric waves were higher than the nu-
merical results given by the SNLO software. The wide
GAW expresses that the parametric wave with large
divergence angle can be magnified more easily. The
GAW is related to the pump conditions and the non-
linear crystal characters. If the pump pulse is 10 ns in
width, with the wavelength of 1064 nm and the diam-
eter of 10 mm and the pump reaches the peak power,
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the gain coefficient for the Y -cut KTA is shown in
Fig. 4 according to our theory.

Fig. 4. The gain coefficient and the gain angle width

for the Y -cut KTA. (a) Gain coefficient versus divergence

angle, (b) GAWs versus pump power density.

At the same pump condition, the signal diver-
gence angle is smaller than the idler one and both are
bigger than the pump one. The main effective range of
gain is the angles within the GAW, while the gain co-
efficient decreases sharply out of the range. The GAW
is proportional to the square root of the pump power
density. When the pump works around the threshold,
the GAW is small and the divergence angles of the
parametric waves are determined mainly by the pump
beam quality and the cavity type. When the pump
power density is high enough, the effects of the gain
on the divergence angles become obvious, which oc-
curred in our and Webb’s experiments.

The divergence angles of the output parametric
waves are mainly determined by the PMAW, which is
related by the gain coefficient and the crystal length.
The normalized power magnifications according to our
theory are shown in Fig. 5. The length of the X-cut
KTA are 10, 20, 40 and 80 mm, respectively and the

pump pulse is 10 ns in width, with the wavelength of
1064 nm and the diameter of 10 mm.

Fig. 5. Normalized power magnification versus divergence

angle for the X-cut KTA.

When the crystal length is longer, the PMAW
becomes smaller and so do the divergence angles of
the parametric lights. In Webb’s experiment, the ef-
fective gain length of the crystal was 80 mm, which
was beneficial to the small divergence angles of the
signal waves.

In optical parametric oscillators, the optimal crys-
tal lengthes are related to the cavity parameters and
the large optimal length of the crystal is favorable for
parametric waves with small divergence angles. Low
reflective ratio of the output mirror results in a large
number of oscillations for the signal, which works like
long crystal length and is helpful for reducing the di-
vergence angles of the parametric waves. In the exper-
iments, the optimum crystal length was designed to
reduce the back conversion and to improve the conven-
tion efficiency and the optimum length was estimated
by the method in Ref. [14].

We will explain the critical phase-match and why
the divergence angle in the phase-match plane is
smaller than that perpendicular to the plane[15,16] in
future work.

5. Conclusion

The angular spectrum characters of high gain
non-walk-off colinear optical parametric oscillators are
studied with the method of non-colinear phase match
and the gain characters and the power magnifica-
tion characters are analyzed. The experimental results
match the theoretical ones.
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