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We present the numerical results for the optimization of the pump-to-idler conversion efficiencies of nanosecond idler
wavelength tunable cascaded optical parametric oscillators (OPO) in different wavelength tuning ranges, where the primary
signals from the OPO process are recycled to enhance the pump-to-idler conversion efficiencies via the simultaneous dif-
ference frequency generation (DFG) process by monolithic aperiodically poled, magnesium oxide doped lithium niobate
(APMgLN) crystals. The APMgLN crystals are designed with different chirp parameters for the DFG process to broaden
their thermal acceptance bandwidths to different extents. The idler wavelength tuning of the cascaded OPO is realized by
changing the temperature of the designed APMgLN crystal and the cascaded oscillation is achieved in a single pump pass
singly resonant linear cavity. The pump-to-idler conversion efficiencies with respect to the pump pulse duration and ratio of
OPO coefficient to DFG coefficient are calculated by numerically solving the coupled wave equations. The optimal work-
ing conditions of the tunable cascaded OPOs pumped by pulses with energies of 350 wJ and 700 pJ are compared to obtain
the general rules of optimization. It is concluded that the optimization becomes the interplay between the ratio of OPO
coefficient to DFG coefficient and the pump pulse duration when the idler wavelength tuning range and the pump pulse
energy are fixed. Besides, higher pump pulse energy is beneficial for reaching higher optimal pump-to-idler conversion
efficiency as long as the APMgLN crystal is optimized according to this pump condition. To the best of our knowledge,
this is the first numerical analysis of idler wavelength tunable cascaded OPOs based on chirp-assisted APMgLN crystals.
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1. Introduction

Highpower mid-infrared (MIR) laser sources are widely
adopted in a variety of applications including environmental
monitoring and MIR counter measurement.!-?l As one of the
most popular techniques for MIR generation, the quasi-phase-
matched (QPM) optical parametric oscillator (OPO) has been
extensively investigated in the past few years.3-!!l Despite
the large effective nonlinear coefficient, excellent power han-
dling capability and wide transparency range of QPM crystals,
the pump-to-idler conversion efficiencies of typical nanosec-
ond OPOs are around half of their quantum efficiencies ow-
ing to the inefficient parametric conversion in the build-up
stage and the parametric back-conversion in the trailing edge
of the pump pulses during oscillation. Although tailoring the
pulse shapes and/or the spatial profiles of the pump lasers has
shown the enhancement in pump-to-idler conversion efficien-
cies of such nanosecond OPOs,[!!-13] the Manley—Rowe re-
lations still constrain the conversion efficiency from further
improvement.

In order to break this restriction, the concept of cascaded
OPO was proposed to enhance the pump-to-idler conversion
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efficiency by converting part of the unwanted signal power
produced from the former crystal into the idler output via the
intra-cavity difference frequency generation (DFG) of a suc-
ceeding crystal.'"*! Nonetheless, the insertion of the second
crystal would inevitably increase the loss and detuning sensi-
tivity of the OPO cavity. Monolithic dual grating periodically
poled!">! and aperiodically poled ferroelectric crystals!!o-1°]
were developed thereafter to reduce the unnecessary loss and
to improve the long-term stability. However, the idler wave-
lengths of these cascaded OPOs were fixed because the pump-
to-idler conversion efficiencies could be enhanced only if
the primary OPO and secondary DFG processes are phase
matched simultaneously.'®!°1 By simply changing the pump
wavelength and/or the crystal temperature, the idler wave-
lengths produced from the OPO and DFG processes will vary
differently, which is predicted by the temperature-dependent

n.[?%1 The deviation of idler wavelengths will

Sellmeier equatio
make the DFG process no longer phase matched and the pri-
mary signal produced from the OPO process cannot be con-
verted into the idler output. As a result, the high intensity of
the intra-cavity primary signal will lead to a dramatic decrease

in pump-to-idler conversion efficiency due to the severe back-
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conversion effect during the OPO oscillation.!'>~!1 Although
monolithic dual-grating crystals with a uniform grating sec-
tion for the OPO process followed by a fan-out section for the
DFG process could solve the crisis to some extent.>!?>] The
idler wavelength tuning was realized by moving the crystal
position together with precise temperature control, and tan-
dem structure would make the cascaded parametric conver-
sion unidirectional. As a better alternative, a specially de-
signed aperiodically poled magnesium oxide doped lithium
niobate (APMgLN) crystal with a chirp parameter for the
DFG process was proposed to increase the thermal acceptance
bandwidth.!?3! Consequently, the idler wavelength could be
tuned by the crystal temperature and the pump-to-idler con-
version efficiency could be improved by the secondary DFG
process within the thermal acceptance bandwidth. However,
the relative strength of the two simultaneously phase matched
processes and the idler wavelength tuning ranges were fixed
in the previous experiment. Therefore, the performance of
the cascaded OPO was not likely to be optimal under differ-
ent pump energies and the fixed idler wavelength tuning range
could hardly meet the requirements for different practical ap-
plications. Clearly, optimizing the APMgLN crystal design
prior to the construction of a cascaded OPO instead of search-
ing the optimal crystal structure during the experiment would
reduce the material cost and time consumption to a great ex-
tent. Besides, employing the most suitable crystal designed for
practical pump conditions would make the cascaded OPO eas-
ier to oscillate and to achieve the highest pump-to-idler con-
version efficiency during the experiment.

In this paper, we report our recent investigations on the
optimization of the idler wavelength tunable cascaded OPOs
based on chirp-assisted APMgLN crystals. A chirp parameter
is introduced into the DFG process in the design procedure of
APMgLN crystal enabling the temperature tuning of the idler
wavelength. The idler wavelength tuning range can vary by
modifying the chirp parameter during crystal design. Besides,
the relative strength of the Fourier coefficients for the OPO
and DFG processes is also adjustable in order to maximize
the pump-to-idler conversion efficiency. The pump-to-idler
conversion efficiencies of such cascaded OPOs with different
idler wavelength tuning ranges pumped by pulses with vari-
ous durations are calculated by numerically solving the cou-
pled wave equations. The optimal design of the crystal and
the most suitable pump pulse duration regarding the highest
pump-to-idler conversion efficiency are obtained for each idler
wavelength tuning range from the numerical simulation. Gen-
eral rules of optimization for the pump-to-idler conversion ef-
ficiency of cascaded OPO are obtained by comparing the opti-
mal working conditions employing pump pulses with energies
of 350 pJ and those with energies of 700 pJ, respectively. To
the best of our knowledge, this is the first ever-reported nu-

merical analysis of idler wavelength tunable cascaded OPOs
based on chirp-assisted APMgLN crystals. We believe that
our investigations on the optimization of the idler wavelength
tunable cascaded OPOs are of significance in constructing effi-
cient practical cascaded OPOs in different desired idler wave-
length tuning ranges.

2. Model and simulation

In this section, the model of the cascaded OPO and the
simulation method are described in detail. Firstly, the design
procedure of the APMgLN crystals and the practical consider-
ations are explained. Then a brief description of the schematic
arrangement of the cascaded OPO is given. Finally, the cou-
pled wave equations for numerical simulation are listed.

2.1. Design of APMgLN crystals

The APMgLN crystals employed in the cascaded OPO
were designed to generate MIR emission in different wave-
length tuning ranges. Therefore, an adjustable chirp parameter
was introduced into the crystal modulation function to change
the thermal acceptance bandwidths of the APMgLN crystals.
Besides, another parameter changing the relative strength of
the Fourier coefficients for the OPO and DFG processes was
also taken into consideration for optimizing the pump-to-idler
conversion efficiency. Thus, the design of the APMgLN crys-
tal started from the following initial guess:

g(z) = sgn{cos(Akopoz) + Acos|[(Akprg + Cz)7]}, (1)

where sgn represents the signum function, A is the parameter
for adjusting the relative strength of the Fourier coefficients
for OPO and DFG processes, Z is the longitudinal position
along the crystal, and C is the chirp parameter which can vary
accordingly by changing the thermal acceptance bandwidth of
the DFG process.

We assumed that the pump wavelength and the idler
wavelength for the cascaded OPO were 1064 nm and
~3.8 um, respectively. Hence, the reciprocal vectors related to
the OPO and DFG processes of the designed APMgLN crys-
tal, Akopo and Akprg, were computed to be 0.213 um_l and
0.187 um~!, respectively, making the calculated idler wave-
lengths for OPO and DFG processes coincide at 3.83 pum at
room temperature. The comparatively long idler wavelength
at room temperature was selected on account of the fact that
the idler wavelength would down-shift when the crystal tem-
perature rose. The crystal length was assumed to be 50 mm
and the step size of the Z parameter during design was set to
be 0.2 pm, which was the same as the resolution of our phase
mask lithography. During the preliminary design, there would
appear some tiny domains with widths less than 5 pm, whose
poling quality cannot be guaranteed using our self-developed
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high voltage triggering technique. These domains would then
merge into the adjacent domains, leading to the slight change
of the Fourier coefficients. Therefore, a normalized Fourier
transform was carried out afterwards to verify the actual coef-
ficients and the relevant adjustment was made on the A param-
eter thereafter to correct the deviation. This procedure would
iterate several times until the final design was accomplished,
in which the tuning bandwidth and the relative strength of
Fourier coefficients were optimized as expected. The normal-
ized Fourier transform of the grating modulation function g(z)
could be calculated by

1 r!
G(a) = 1 [ g@)exp(—jmka)dz, @

where [ is the total length of the crystal. There were two main
peaks in the G function located at Akopo and Akpgg, respec-
tively, indicating that both processes could be phase matched
simultaneously. The strength of the peak was related to the
effective nonlinear coefficient of the OPO and DFG processes,
which can be modified to optimize the performance of the cas-
caded OPO under different working conditions.

2.2. Schematic arrangement

The schematic arrangement of the idler wavelength tun-
able cascaded OPO is depicted in Fig. 1. We assumed that
the pump laser was a linearly polarized fiber laser working at
1064 nm generating pulses with Gaussian pulse shapes and
fundamental transverse mode. The pump beam was focused
on the middle of the APMgLN crystal by a lens, namely L1,
after passing through the isolator. A couple of plano-concave
mirrors (M1 and M2) were employed as the input and output
couplers of the OPO cavity. The two couplers were separated
by a distance of 60 mm with an APMgLN crystal inserted in
between. The APMgLN crystal was mounted on a temperature
controllable oven for wavelength tuning. The radius of curva-
ture of the couplers was assumed to be 200 mm with a calcu-
lated beam diameter of ~320 pum for the oscillating primary
signal wave. The reflectivities of the input coupler (M1) for
the pump, the primary signal and the idler were set to be 0%,
100%, and 98%, respectively, while these values of the output
coupler (M2) were 3%, 99%, and 5%, respectively, in the sim-
ulation. The reflectivities of both couplers for the secondary
signal wave were chosen to be 75%. These values were se-
lected according to the available coating parameters of single

pass singly resonant (SPSR) operated cascaded OPOs.[1%23]

isolator L1 M1 APMgLN M2 M3

Fig. 1. (color online) Schematic arrangement of the idler wavelength tun-
able cascaded OPO. L1: the focus lens; M1: the input coupler; M2: the
output coupler; M3: the filter mirror.

M3 was a high pass filter blocking the residual pump, the pri-
mary and secondary signal waves for independent wavelength
and power measurement of the desired idler wave.

2.3. Coupled wave equations

There are four major waves in the cavity of the cascaded
OPO. At first, the pump wave generates the primary signal
wave and the idler wave through the OPO process when the
pump intensity just exceeds the oscillating threshold. As the
intensity of the primary signal grows as the pump intensity in-
creases, the primary signal starts to amplify the idler wave via
the phase matched DFG process accompanied by the genera-
tion of the secondary signal wave. Owing to the collinear inter-
action scheme of the QPM-based nonlinear crystal, no walk-
off effect should be considered in the nonlinear conversion.
Employing the slowly varying envelope and paraxial approx-
imation, the coupled wave equations for the four intra-cavity
interacting waves can be derived as follows:

da, _ o 1 (9 _ .9
dz _ZAP(Z)_Zikp(8x2+8y2 A

+ Kopo,p(2)As(2)Ai(z) e*iAkOPoZ’ 3)
dAS as 1 a a
dz ) s(Z) 2ik, <8x2 + ayz s
+ Kopo,s(2)Ap(2)A] (2) e 1AkoPo Z
~+ KDFG,s (Z)Asz (Z)Ai(z) e*iAkDFGZ’ (4)
da; o 1 /9 9
N WAL T
= 205z (5t e ) A
+ Kopo.i(2)AL(2)Ap(z) e 1AkoroZ
+ Kpro,i(2)As (2) AL (z) e Aore?, 5)
dAg Ols2 1 0 P}
22— 20~ ( st A
+ KprG.s2(2)As(2)A] (z) e AkorG 2 ©)

where Akopo = kp — ks — k; and Akprg = ks — ksp — k; are the
phase mismatches related to the OPO and DFG processes,
respectively, which should be compensated for by the recip-
rocal vectors of the designed APMgLN crystal. Kopo;j =
ia)jdopog(z)/cnj and KDFG,j = i(i)diF(;g(Z)/an are the cou-
pling coefficients for wave j during OPO and DFG processes,
g(z) is the modulation function of the nonlinear coefficient y2.
The dopo =1/ 2)((2)130 and dprg = 1/ ZX%FG are the nonlinear
coefficients for OPO and DFG processes, respectively, which
could be calculated by Miller’s approximation.'?*! The A, a,
and j; are the amplitude, attenuation coefficient, and angular
frequency of the four interacting waves, respectively. The in-
dices p, s, i, and s2 represent the pump, the primary signal,
the idler, and the secondary signal, respectively. The idler ab-
sorption coefficient of the crystal was assumed to be 5 m~!,
and the absorptions of other bands were omitted according to
our measured data. The coupled wave equations (Egs. (3)—
(6)) can be numerically solved using the method proposed by
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Smith et al.'>) to analyze the performances of such cascaded
OPOs employing APMgLN crystals with various designs un-
der different pump conditions.

3. Results and discussion

In order to verify the validity of the APMgLN design
method with a linear chirp parameter for DFG process broad-
ening the idler wavelength tuning range, the crystal tempera-
ture and idler wavelength tuning ranges each as a function of
chirp parameter C in Eq. (1) are shown in Fig. 2(a). The idler
wavelength tuning range is negligible when the chirp parame-
ter C is zero and the cascaded OPO becomes temperature sen-
sitive as reported previously.['1°1 Then the crystal tempera-
ture and idler wavelength tuning bandwidths increase almost
linearly to 100 °C and 135 nm, respectively, with the rise of
chirp parameter C up to 2.8 x 10~ um~2. Figures 2(b)-2(d)
show the idler wavelength changes and relevant bandwidths
for the OPO and DFG processes of the designed APMgLN
crystals with different chirp parameters when the temperature
increases. Figure 2(b) shows that the idler wavelengths gener-
ated from the OPO and DFG processes just coincide at room
temperature of 25 °C with the idler wavelength of 3.83 pum in
the case of zero chirp value. Except for this working temper-
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ature, the two curves deviate from each other, indicating that
the idler emission from the cascaded OPO will not be gener-
ated efficiently because of the phase mismatch in the succeed-
ing DFG process. By contrast, the APMgLN crystal possesses
the widest bandwidth for DFG process with the largest C pa-
rameter and the cascaded OPO could work effectively with
the largest temperature tuning range from room temperature
up to more than 120 °C. The idler wavelength is down-shifted
by 135 nm starting from 3.83 um during the temperature rise
as illustrated in Fig. 2(d). The temperature dependences of
the idler wavelengths for the APMgLN crystal with a moder-
ate chirp value (1.4 x 107 pm~2) are also demonstrated in
Fig. 2(c). The crystal temperature and idler wavelength tuning
ranges of this APMgLN design are 50 °C and 65 nm, respec-
tively, showing the feasibility of the design method.

Once the idler wavelength tuning range is determined by
selecting a proper value for the chirp parameter C, the perfor-
mance of such cascaded OPO could be optimized afterwards
by adjusting the other variable A in Eq. (1) to obtain an opti-
mal Fourier coefficient ratio between the OPO coefficient and
DFG coefficient. Figure 3(a) plots the Fourier coefficients for
the OPO and DFG processes of the designed APMgLN crys-
tals with idler wavelength tuning ranges of 0 nm, 65 nm, and
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Fig. 2. (color online) (a) Temperature tuning ranges (dashed) and idler wavelength tuning ranges (dotted) each as a function of the value of chirp parameter
C; (b)—(d) the relations between the idler wavelengths produced from the two nonlinear processes and the crystal temperature with specific chirp values: (b)

C=0um2)C=14x10"2 um=2;(d) C =2.8 x 1072 um~2.
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135 nm at different ratios of OPO coefficient to DFG coeffi-
cient ranging from 0.5 to 5. Clearly, APMgLN crystals with
wider idler wavelength tuning range suffer severer reductions
of the overall Fourier coefficients for the OPO and DFG pro-
cesses. Moreover, with the increase of the idler wavelength
tuning range, the DFG process becomes less sensitive to the
change of the Fourier coefficient for the OPO process. As a
result, the performances of the cascaded OPO deviate from
each other with different idler wavelength tuning ranges. Fig-
ures 3(b)-3(d) show the calculated pump-to-idler conversion
efficiencies with respect to the ratio of OPO coefficient to DFG
coefficient and pump pulse durations at idler wavelength tun-
ing ranges of 0 nm, 65 nm, and 135 nm, respectively. In the
simulation, the pump pulse energy is selected to be 350 pJ
according to the typical parameters of fiber lasers reported in
other fiber-laser-pumped OPO systems.!!?23] In the scenario
of zero idler wavelength tuning range, the maximum pump-to-
idler conversion efficiency of 32% is achieved under the pump
pulse duration of 180 ns when the ratio of OPO coefficient
to DFG coefficient is 1.5. When the idler wavelength tuning
range is extended to 65 nm, the highest pump-to-idler conver-
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sion efficiency decreases down to 25% with the ratio of OPO
coefficient to DFG coefficient slightly upshifted to 1.6 and the
most suitable pump pulse duration shortened to 90 ns. As the
idler wavelength tuning range further rises up to 135 nm, the
maximum conversion efficiency drops to 19.5% and the best
pump pulse duration is reduced to 80 ns with the ratio of OPO
coefficient to DFG coefficient going up to 2.

Apparently, both the ratio of OPO coefficient to DFG
coefficient and the pump pulse duration have influences on
the pump-to-idler conversion efficiency of a wavelength tun-
able cascaded OPO. In terms of the ratio of OPO coefficient
to DFG coefficient, the highest pump-to-idler conversion ef-
ficiency appears when these ratios are larger than 1 in all the
three cases with idler wavelength tuning in a range from 0 nm
to 135 nm. It is clear that the OPO process takes place prior
to the DFG process and dominates the threshold of the cas-
caded OPO. As long as the pump power of a cascaded OPO
exceeds its threshold, the primary signal will grow dramati-
cally due to the high reflectivities of the cavity mirrors in this
band. Consequently, the highintensity intra-cavity primary
signal wave will amplify the idler wave to a great extent via
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Fig. 3. (color online) (a) Fourier coefficients of the OPO and DFG processes at ratios of OPO coefficient to DFG coefficient varying from 0.5 to 5; (b)—(d)
pump-to-idler conversion efficiencies with respect to the pump pulse duration and ratio of OPO coefficient to DFG coefficient for different idler wavelength
tuning ranges: (b) 0 nm; (c) 65 nm; (d) 135 nm; the color bars show the pump-to-idler conversion efficiencies for each subplot.
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DFG process, and thus clamping its own intensity to a certain
level. An appropriate ratio of OPO coefficient to DFG coeffi-
cient can not only reduce the threshold of a cascaded OPO but
also effectively convert the intra-cavity primary signal into the
idler wave, which are both favorable for efficient idler wave
generation. When the idler wavelength tuning range extends
from 0 nm to 135 nm, the optimal ratio of OPO coefficient
to DFG coefficient rises slightly from 1.5 to 2 with the dra-
matic decline in the absolute value of the Fourier coefficient
for the DFG process. Such a severer reduction is attributed
to the priority of the OPO process dominating the threshold
and the overall Fourier coefficient decrease resulting from the
expansion of the idler wavelength tuning range. As a con-
sequence, the maximum pump-to-idler conversion efficiency
decreases from 32% to 19.5% as the idler wavelength tuning
range is stretched from 0 nm to 135 nm. Besides, the pump
pulse duration plays a minor role in the conversion efficiency
of a cascaded OPO other than the ratio of OPO coefficient to
DFG coefficient. Figures 3(b)-3(d) show a nonlinear decrease
in optimal pump pulse duration from 180 ns to 80 ns during
the rise of the idler wavelength tuning range. However, only
small changes in the conversion efficiency will occur if the
pump pulse duration changes between 80 ns and 200 ns in the
three cases. We attribute this to the merit of the cascaded OPO
that the secondary DFG process can always take effect after
the build-up of the OPO making the conversion efficient dur-
ing oscillation, though the build-up time decreases when the
pump pulse turns shorter if the pump pulse energy remains
the same. However, for longer pulses (i.e., pulses with dura-
tion longer than 80 ns), the rate of the build-up time to the
pump pulse duration stays almost constant. As a result, the
conversion efficiency keeps nearly unchanged when the pump
pulse duration varies from 80 ns to 200 ns. On the other hand,
for short pulses, especially those with durations comparable
to the round trip time of the oscillating signal, the rate of
the build-up time to the pump pulse duration becomes large,
which leads to the reduction of the conversion efficiency even
if the peak power of the pump pulse is much higher. A syn-
chronous pumping scheme should be adopted in these cases
instead.

Figure 4 shows the comparisons among the optimal
pump-to-idler conversion efficiency, ratio of OPO coefficient
to DFG coefficient, and pump pulse duration with idler wave-
length tuning range for pump pulses with energies of 350 pJ
and 700 wJ. The optimal pump-to-idler conversion efficien-
cies for pump pulses with different energies decrease steadily
as the idler wavelength tuning range increases from 0 nm to
135 nm. Pump pulses with higher energy present a slower de-
clining trend and possess higher optimal pump-to-idler conver-
sion efficiencies in all idler wavelength tuning ranges, which is
demonstrated in Fig. 4(a). On the contrary, the optimal ratios

of OPO coefficient to DFG coefficient for both pump energies
rise gradually as the idler wavelength increases. This ratio
for pump pulse with 350 pJ energy grows faster than that for a
pulse with 700 pJ energy during the increase of the idler wave-
length tuning range. Additionally, pulse with lower energy ex-
ceeds its higher energy counterpart in the optimal ratio of OPO
coefficient to DFG coefficient for each idler wavelength tun-
ing range as shown in Fig. 4(b). Last but not least, the optimal
pump pulse durations decline with the expansion of the idler
wavelength tuning range for both pump pulses with energies
of 350 wJ and 700 pJ. The optimal pump pulse duration drops
from 360 ns to 120 ns for pump pulses with energies of 700 pJ
when the idler tuning range is broadened from O nm to 135 nm.
In the meantime, the optimal pump pulse duration for 350 pJ
pump pulses decreases from 180 ns to 80 ns, showing a slower
trend as indicated in Fig. 4(c).
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Fig. 4. (color online) Variations of (a) optimal pump-to-idler conversion
efficiency, (b) optimal ratio of OPO coefficient to DFG coefficient, and (c)
optimal pump pulse duration each as a function of idler wavelength tuning
range for pump pulses with energies of 350 pJ (solid) and 700 pJ (dashed).

Undoubtedly, pump pulses with higher energy are ben-
eficial to obtaining higher optimal pump-to-idler conversion
efficiencies from such wavelength tunable cascaded OPOs.
Although the corresponding optimal pulse durations of the
700 wJ pump are about half of those of the 350 pJ pump, thus
leading to comparable peak power in the two cases, the pump-
to-idler conversion efficiencies of OPO pumped by 700 pJ
pulse energy are still higher, especially for wider idler wave-
length tuning ranges. This is attributed to the smaller rate
of build-up time to pump pulse duration for pump pulses
with longer durations, even if the APMgLN crystals are de-
signed with slightly different ratios of OPO to DFG coeffi-
cient. Clearly, the smaller rate of build-up time to pump pulse
duration is advantageous because the back-conversion effect
of such a cascaded OPO is significantly relieved and efficient
pump-to-idler conversion will take place from the build-up to
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the trailing edge of the pump pulses. Therefore, this value al-
most represents the conversion efficiency of a typical nanosec-
ond cascaded OPO. As for the optimal ratio of OPO coefficient
to DFG coefficient, different values should be selected in or-
der to sustain high pump-to-idler conversion efficiencies for
both pulse energies. The numerical results show that a large
value is favorable for a wide idler wavelength tuning range and
an even larger value should be adopted for pump pulses with
lower energies. The reason is that the effective nonlinear coef-
ficient for the OPO process should be guaranteed in preference
to that of the DFG process for a wavelength tunable cascaded
OPO. Besides, the overall Fourier coefficient for the OPO and
DFG processes suffers severer reduction when the idler wave-
length tuning range goes up. Hence, the ratio of OPO coeffi-
cient to DFG coefficient should be raised to maintain the abso-
lute value of the Fourier coefficient for the OPO process so as
to keep the ratio of build-up time to pump pulse duration at a
certain level. It is believed that pump pulses with peak power
of several kilo-Watt are already high enough to obtain a short
build-up time when the idler waves are barely tunable because
the absolute values of the Fourier coefficients for the OPO pro-
cess are large, which could also be deduced in our previous
report.['”] When the tuning bandwidth of the cascaded OPO
is enlarged, pump pulses with shorter durations and APMgLN
crystals with larger ratio of OPO coefficient to DFG coefficient
should be employed to hold the rate of build-up time to pump
pulse duration at the expense of lower DFG coefficients, lead-
ing to the inevitable reduction in overall pump-to-idler conver-
sion efficiencies.

It is worth mentioning that the calculated pump-to-idler
conversion efficiencies exceed the quantum limit, which is
28% for conventional single stage OPOs generating 3.8 pm
from 1.064 pum, when the idler tuning ranges are less than
20 nm and 85 nm for pump pulses with energies of 350 pJ
and 700 pJ, respectively. Though the tuning ranges might not
be large enough for special applications such as broadband ab-
sorption spectroscopy, they are still among the most promising
candidates in practical systems with the asset of both high ef-
ficiency and simple temperature management of the nonlin-
ear crystals. Moreover, the numerical results reveal that the
performance of such a tunable cascaded OPO is a compro-
mise between the pump-to-idler conversion efficiency and the
idler wavelength tuning range. For cascaded OPOs with large
tuning ranges, pump pulses with low energies might not be
suitable since the reflectivities for the primary signal band of
the cavity mirrors can hardly be further improved to compen-
sate for the delay of the build-up time. Therefore, the overall
pump-to-idler conversion efficiencies are not likely to remain
high when the pump pulse energy is rather low. In addition,
when the idler wavelength tuning range and pump pulse en-
ergy are determined, the optimization for the conversion ef-

ficiency becomes the interplay between the ratio of OPO co-
efficient to DFG coefficient for the APMgLN crystal and the
optimal duration for the pump pulses, though the ratio of OPO
coefficient to DFG coefficient is crucial while the pump pulse
duration only plays a minor role.

4. Conclusions

In this work, we numerically investigate the performance
and general optimization rules of idler wavelength tunable cas-
caded OPO based on chirp-assisted APMgLN crystal. Proper
chirp parameters for the DFG process are introduced into the
design procedure of the APMgLN crystal, enabling the ther-
mal wavelength tuning of the cascaded OPO with different
bandwidths.
equations, the pump-to-idler conversion efficiencies of such

By numerically computing the coupled wave

cascaded OPOs are calculated under different pump condi-
tions, while utilizing various crystal designs. By comparing
the numerical results, it is concluded that the rate of build-
up time to the pump pulse duration, dominated by the ratio
of OPO coefficient to DFG coefficient, is a crucial parameter
in optimizing the pump-to-idler conversion efficiency of such
cascaded OPO. Because the back-conversion effect is signifi-
cantly relieved due to the secondary DFG process, conversion
enhancement could always take effect after the build-up of the
cascaded OPO. Pump pulses with higher energies are favor-
able to enhancing the pump-to-idler conversion efficiency of
the cascaded OPO, especially for those with large idler wave-
length tuning ranges. To the best of our knowledge, this is the
first numerical analysis of the idler wavelength tunable cas-
caded OPOs based on chirp-assisted APMgLN crystal and we
believe that our investigation is of great value for construct-
ing practical cascaded OPOs with different desired idler wave-
length tuning ranges.
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