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We report the investigation on the performance of an amplification assisted difference frequency generation
(AA-DFG) system driven by pulsed pump and continuous-wave primary signal lasers. A monolithic tandem
lithium niobate superlattice was employed as the nonlinear crystal with a uniform grating section for the
DFG process, followed by a chirp section for the optical parametric amplification process. The impacts of pump
pulse shape, primary signal power, input beam diameter, and crystal structure on the pump-to-idler conversion
efficiency of the AA-DFG system were comprehensively studied by numerically solving the coupled wave equa-
tions. It is concluded that square pump pulse and high primary signal power are beneficial to high pump-to-idler
conversion efficiency. In addition, tighter input beam focus and smaller DFG length proportion could redeem the
reduction in conversion efficiency resulting from wider acceptance bandwidths for the input lasers. We believe
that such systems combining the merits of high stability inherited from cavity-free configuration and high
efficiency attributed from the cascaded nonlinear conversion should be of great interest to a wide community,
especially when the pulse shaping technique is incorporated. © 2017 Chinese Laser Press

OCIS codes: (190.4970) Parametric oscillators and amplifiers; (190.4410) Nonlinear optics, parametric processes; (140.3070)

Infrared and far-infrared lasers.
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1. INTRODUCTION

To date, mid-infrared (MIR) lasers have become the work-
horses for scientific research, environmental monitoring, and
defense systems, enabling high-resolution operation in the tem-
poral, spectral, and spatial domains [1–3]. Among all the MIR
generation methods, the optical parametric oscillator (OPO)
stands out from its counterparts due to its broad operating tem-
perature, wide wavelength tuning range, and high power scal-
ability. Since its advent, this method has been extensively
adopted to generate MIR radiation with output durations from
continuous wave (CW) to femtosecond [4–10]. However, the
pump-to-idler conversion efficiency of a conversional OPO is
intrinsically restricted by the Manley–Rowe relations, in which
the generation of any demanded MIR idler photons is always
accompanied by the same amount of unwanted near-infrared
signal photons. In addition, the inefficient parametric conver-
sion during the buildup phase and probable parametric back-
conversion during oscillation will further reduce the actual
pump-to-idler conversion efficiency in practice.

To tackle this crisis, the scheme of the cascaded OPO
(COPO) was proposed, in which the generated intracavity signal
photons were recycled partly to produce the idler photons once
more via a secondary optical parametric amplification (OPA)
process [11]. Thanks to the prosperity of quasi-phase-matching
technology, COPOs harnessed by monolithic aperiodically poled
or tandem structured ferroelectric crystals have been demon-
strated theoretically and/or experimentally, in either nanosecond
[12–18] or picosecond [19] regime. Nevertheless, inevitable
drawbacks inherited from the oscillating cavity remained for both
OPOs and COPOs, including complicated coating, susceptibility
to misalignment, mode hopping, and thermal induced instability.
Especially when pumped by lasers with high repetition rate and
high average power, the thermal bistable behavior of such OPOs
or COPOs may hinder them from operating in pulse-on-demand
mode [20], which happens to be one of the favorite operation
modes for biomedical research or MIR countermeasures.

As an alternative, amplification assisted difference frequency
generation (AA-DFG) featuring cavity-free configuration can
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intrinsically avoid the flaws incurred by the resonant cavity,
while the OPA stage can still improve the pump-to-idler con-
version efficiency to some extent [21]. However, in the early
trials, several nonlinear crystals were aligned successively to pro-
duce efficiency-enhanced MIR radiation. Although the phase-
matching conditions for each nonlinear process could be
optimized independently, separated crystals would ineluctably
increase the loss and dimensions, thereby deteriorating the
conversion efficiency as well as the long-term stability. This
shortcoming was then resolved by Figen, introducing an ape-
riodically poled MgO-doped lithium niobate (APMgLN) crys-
tal to phase match the two parametric conversion processes
simultaneously [22]. Nevertheless, only Gaussian-shaped
pump pulse and low-power primary signal lasers were consid-
ered in his model. More importantly, when such APMgLN
crystals were adopted in AA-DFG systems, the pump and signal
wavelengths as well as the crystal temperature should be pre-
cisely matched, and therefore the output MIR radiation was
also wavelength fixed. This would inevitably bring difficulties
to the construction of an AA-DFG system and reduce its wave-
length adaptability. One possible solution to this issue is to uti-
lize a tandem lithium niobate (LN) superlattice with a uniform
grating section for the primary DFG process followed by a fan-
out grating section for the succeeding OPA process [23]. In this
scenario, the additional freedom in OPA’s domain periodicity
could alleviate the strict simultaneous phase-matching condi-
tion. Slight wavelength deviation of the input lasers could
be compensated by laterally moving the crystal position and
tuning the crystal temperature accordingly. However, the mov-
able components might still prevent such systems from oper-
ating in a harsh environment. Another possible method is to
introduce a certain chirp rate to the secondary OPA process
so as to broaden the acceptance bandwidths of the input lasers.
Although this structure has been employed to generate MIR in
COPO configuration [24], it has yet to be adopted in an AA-
DFG system. In addition, considering that pulse-shaped fiber
lasers [25] and widely tunable high-power Raman fiber lasers
(RFLs) [26] are readily available for the time being, compre-
hensive studies on the impacts of the pump pulse shape, pri-
mary signal power, input beam diameter, and crystal structure
on the performance of a tandem LN superlattice-based AA-
DFG system are in great demand.

Herein we report our numerical investigations on the AA-
DFG system based on a multichannel tandem LN superlattice
driven by pulsed pump and CW primary signal lasers. Each
channel of the LN superlattice was designed with a uniform
section for the DFG process followed by a chirped section
for the OPA process so as to enhance the conversion efficiency
by the OPA process and broaden the acceptance bandwidths
for the input lasers with the chirp design. The chirp design
could also offer possibilities of idler wavelength tuning as long
as the pump and/or primary signal were wavelength tunable.
The optimal working conditions in terms of the highest
pump-to-idler conversion efficiency were obtained by numeri-
cally computing the coupled wave equations. Two kinds of
pump pulse shapes, namely, Gaussian and square shapes with
identical peak power, and primary signal with different average
powers were considered in the calculation. The results indicated

that square pump pulses and higher primary signal power were
beneficial to higher idler generation rate. Later calculations
were focused on the optimization of beam diameter and crystal
structure for square pulse pumped AA-DFG systems with
either 0.4 or 4 W primary signal powers, which were typical
values for semiconductor lasers or RFLs, respectively. It is
concluded that tighter beam focus and smaller DFG length
proportion can redeem the deterioration in conversion effi-
ciency resulting from wider acceptance bandwidths for the
input lasers. In addition, for AA-DFG systems with lower pri-
mary signal power, even tighter beam focus should be adopted
to get the most efficient MIR conversion, though their optimal
conversion efficiencies were slightly inferior to those with
higher primary signal powers. In spite of this, the AA-DFG
system with low primary signal power still exceeds the single
DFG system in conversion efficiency under the same pump
conditions. We believe that such systems combining the merits
of high stability inherited from cavity-free configuration and
high efficiency attributed from the cascaded nonlinear conver-
sion are of great interest to researchers in this realm, especially
when the advanced pulse shaping and RFL technology are
incorporated.

2. MODEL AND SIMULATION

The schematic diagram of the tandem LN superlattice-based
AA-DFG system is depicted in Fig. 1. The pump and primary
signal lasers were combined with the help of a dichroic mirror
enabling independent beam focusing for good mode overlap.
The pump laser was supposed to be a pulsed fiber laser produc-
ing either Gaussian or square pulses with identical peak power
of 20 kW at 1.065 μm, which is typical for a linearly polarized,
Yb-doped fiber laser incorporating pulse shaping [27]. There
were two kinds of CW primary signal lasers considered in
our model, namely, the fiber pigtailed semiconductor laser
and RFL, covering the power range from several milliwatts
up to 4 W around the 1.48 μm band [26] for different financial
budgets. The calculated idler wavelength was therefore at the
∼3.8 μm band. The primary signal laser was operated in CW
mode rather than pulsed mode so that it could adapt to most
possible operation modes of the pump laser, including the ver-
satile pulse-on-demand mode, without synchronization or
pulse width adjustment.

The nonlinear crystal was a 50 mm long monolithic multi-
channel LN superlattice designed in tandem structure, where the
former and latter grating sections satisfied the phase-matching
conditions of the DFG and OPA processes, respectively. In par-
ticular, the latter grating section for the OPA process was slightly
chirped with different rates so as to broaden the pump and/or

Fig. 1. Scheme of the AA-DFG system based on a monolithic
multichannel tandem LN superlattice.
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primary signal acceptance bandwidths to different extents. The
merits of such a design are twofold. First of all, this would relieve
the strict wavelength requirement for the pump and primary sig-
nal, which could reduce their fabrication difficulties. In addition,
if the pump and/or primary signal lasers were slightly tunable,
such a design could also provide certain idler wavelength tuna-
bility, which would be indispensable to remote sensing or bio-
medical applications [2].

To optimize the crystal design as well as the beam diameter
under different pump and primary signal input conditions, the
amplitudes of the four major interacting waves propagating
along the nonlinear crystal, namely, the pump, the primary sig-
nal, the secondary signal, and the idler, should be calculated by
numerically solving the coupled wave equations. The nonlinear
conversion starts with the DFG process in the first section of
the LN superlattice, where the idler is produced and the pri-
mary signal also gets amplified from pump depletion.
Afterward, the amplified primary signal continues to boost
the amplitude of the idler accompanied with the generation
of the secondary signal in the following OPA section.
Thanks to the simple single pass scheme and independent in-
teracting structures, the two nonlinear processes can be solved
successively using the following coupled wave equations
[Eqs. (1)–(3) for DFG and Eqs. (4)–(6) for OPA]:
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where ΔkDFG � kp − ks − ki and ΔkOPA � ks − ks2 − ki are the
phase mismatches for the DFG and OPA processes, respec-
tively. κDFG;j � iωjdDFGg�z�∕�cnj� and κOPA;j � iωjdOPAg�z�∕
�cnj� are the coupling coefficients for wave j in the DFG and
OPA processes, respectively. g�z� is the modulation function

of the nonlinear coefficient χ2 related to the domain struc-
ture of the LN superlattice. dDFG � 1∕2 χ2DFG and dOPA �
1∕2χ2OPA are the nonlinear coefficients for the DFG and
OPA processes, respectively. c is the speed of light in vacuum.
A, α, n, and ω are the amplitude, attenuation coefficient, re-
flective index, and angular frequency, respectively. The sub-
scripts p, s, i, and s2 denote the pump, the primary signal,
the idler, and the secondary signal waves, respectively.

The coupled wave equations were computed according to
the algorithm proposed by Drag et al. [28], where all the in-
teracting waves were divided spatially and temporally at first.
On account of the circular symmetry characteristic of
Gaussian beams with fundamental mode, the interacting fields
are discretized radially with 128 equally spaced rings in their
cross sections. By contrast, the time slices are unevenly divided
according to the pump pulse shapes, which was a trade-off
between the calculation efficiency and accuracy. The ampli-
tudes of the discretized interacting waves were calculated in par-
allel using the split-step method, by which the diffraction and
propagation terms were alternatively computed. At the exit of
the nonlinear crystal, the calculated beam intensities for each
wave were integrated in both time and space domain, from
which the pump-to-idler conversion efficiency could be ob-
tained to assess the performance of an AA-DFG system for
efficiency optimization.

3. RESULTS AND DISCUSSION

To investigate the impact of pump pulse shape as well as the
primary signal power on the performance of an AA-DFG sys-
tem, the pump-to-idler conversion efficiencies for pump pulses
with Gaussian and square shapes with 20 kW peak power and
50 ns pulse duration (full width at half-maximum, FWHM)
were calculated and are depicted in Figs. 2(a) and 2(b), respec-
tively. The pump and primary signal wavelengths were 1.065
and 1.48 μm, respectively, with calculated domain periodicities
of 29.55 and 33.66 μm for the DFG and OPA sections, respec-
tively, when the crystal temperature was 45°C, according to
the Sellmeier equation of MgO-doped congruent LiNbO3

crystal [29]. Indeed, optimal working conditions for pump
pulses with different shapes were dissimilar even if their pump
peak powers and pulse durations were identical. Therefore, var-
iable primary signal powers and DFG length proportion were
adopted in the calculation to find the peak pump-to-idler con-
version efficiencies for both cases. Meanwhile, the input beam
diameters of the two cases were both set to be 360 μm for a
better comparison. Figures 2(c) and 2(d) plot the calculated
pulse profiles of the four interacting waves at the exit of the
nonlinear crystal together with the input pump pulse shapes
under the circled working points possessing the highest
pump-to-idler conversion efficiency for each case.

It can be concluded from Figs. 2(a) and 2(b) that higher
input primary signal power is beneficial to higher pump-
to-idler conversion efficiency, peaking at 16.7% and 22.65%,
respectively, for Gaussian and square pump pulses. Intense pri-
mary signal could not only effectively generate the idler but also
rapidly enhance its own intensity from pump depletion in the
DFG process, leading to even higher primary signal intensity
for the OPA process. And the intensified primary signal
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was also advantageous to efficient idler amplification in the
OPA process. Consequently, the idler generation is more effi-
cient with higher primary signal power for both cases. However,
the highest pump-to-idler conversion efficiency of Gaussian
pump pulses was inferior to that of square pump pulses with
the same primary signal power, because the efficiency optimi-
zation of Gaussian pump pulses was a compromise among dif-
ferent peak powers within the pump duration. The optimal
LDFG to LCrystal ratio of ∼0.72 is the most suitable only for
pump power slightly lower than the peak pump power.
Backconversion and inefficient conversion would inevitably
take place around the peak and at the vicinity of the leading
and trailing edges of the pump pulse, respectively, sacrificing
the overall pump-to-idler conversion efficiency, as was implied
in Fig. 2(c) (the bump around the peak of the residual pump
pulse indicating the backconversion, and negligible idler power
at the vicinity of the leading and trailing edges indicating the
inefficient conversion). By contrast, the peak power of a square
pulse was constant, and therefore only this value should be con-
sidered during efficiency optimization. As a result, the most
efficient idler production could be realized within the whole
pump duration with the most suitable LDFG to LCrystal ratio
at ∼0.68 leading to higher overall pump-to-idler conversion
efficiency, which could also be deduced from Fig. 2(d).

In addition to the pump-to-idler conversion efficiency, the
acceptance bandwidths for the input lasers are also crucial in
practice. Because of the uncertainty in the applicability of the
Sellmeier equation to the LN wafer, the designed crystal struc-
ture is usually not perfectly phase matched at the expected wave-
lengths and crystal temperature. In the COPO scenario, the
secondary OPA process may turn into a secondary OPO process,
leading to efficiency degradation [12–16]. This uncertainty
problem could be solved by tuning the crystal temperature.

In this way, the idler wavelengths produced from the OPO
and OPA processes would vary with different trends and finally
coincide at the working point [12–16]. Different from COPOs,
both the pump and primary signal are externally injected and
their wavelengths may hardly be tuned when the uncertainty
problem occurs. Moreover, the secondary OPA process could
never turn into a secondary OPO process and would result
in phase mismatch, making the efficiency reduction even more
severe. To ease the phase-matching conditions for the two non-
linear processes, certain chirp rates should be induced into the
OPA section to broaden the pump and/or primary signal accep-
tance bandwidths in case of possible input wavelength deviation
and/or uncertainty in the Sellmeier equation. Indeed, crystal
temperature should also participate in broadening the acceptance
bandwidths of the input lasers for such AA-DFG systems.
Because the grating for the DFG process is uniform, the wave-
length deviation of the input lasers and/or uncertainty in the
Sellmeier equation can be made up by changing the crystal tem-
perature. As for the secondary OPA section, as the interacting
wavelengths and crystal temperature have all been determined,
the only variable remaining to fulfill the phase-matching condi-
tion becomes the domain periodicity in this section. When the
wavelengths of the input lasers change, the crystal temperature
should change first, which is determined by the primary DFG
section. Related changes should be made afterward on domain
periodicity in the secondary OPA section according to the com-
bination of input wavelengths and crystal temperature drift.
Eventually, these changes would form certain working ranges,
which are defined as acceptance bandwidth, temperature tuning
range, and domain periodicity variation in this paper.

Figure 3 plots the characteristics of the acceptance band-
widths for the pump and primary signal lasers. The central
wavelengths of the input lasers and DFG domain periodicity
were identical to those in the previous calculations. And the
OPA domain periodicity was slightly chirped around the pre-
vious value according to the desired acceptance bandwidths.
Figure 3(a) shows the OPA domain periodicity variation for
different pump and primary signal acceptance bandwidths.
Clearly, larger domain periodicity variation should be induced
if both input lasers possessed the largest acceptance band-
widths, and this figure reached 0.244 μm if the wavelengths
of the two lasers were located at any point within�5 nm from
central wavelengths. The required temperature tuning ranges
were calculated and demonstrated in Fig. 3(b), peaking at

Fig. 2. Performances of the AA-DFG system pumped by Gaussian-
or square-shaped pulses with 20 kW peak power and 50 ns duration.
(a), (b) Pump-to-idler conversion efficiencies under different primary
signal power and DFG length proportion; the color bars show the
pump-to-idler conversion efficiency in percentage. (c), (d) Pulse pro-
files of the pump, residual pump, idler, primary signal, and secondary
signal under the circled optimal working points for both cases. (a),
(c) Pumped by Gaussian pulses. (b), (d) Pumped by square pulses.

Fig. 3. Acceptance bandwidths of the pump and primary signal laser
with respect to (a) OPA domain periodicity variation, and (b) crystal
temperature tuning range. The color bars show the periodicity varia-
tion in micrometers and temperature tuning range in degrees Celsius.
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∼70°C for the largest possible wavelength deviation of 10 nm
each for the two input lasers.

As the acceptance bandwidths and peak powers of the input
lasers are determined, the optimization of an AA-DFG system
becomes the coordination between the DFG length proportion
of the LN superlattice and the beam diameter of the input lasers.
Because there are two kinds of primary signal lasers available,
namely, the pigtailed semiconductor laser and the RFL, typical
primary signal powers of 0.4 and 4 W at 1.48 μm were selected,
respectively, in the following calculation. The pump wavelength
and peak power were set to be 1.065 μm and 20 kW with
square shape, respectively. The pump-to-idler conversion effi-
ciency with respect to input beam diameter and DFG length
proportion for primary signal power of 0.4Wwith different OPA
domain periodicity variations of 0, 0.06, 0.12, and 0.24 μm are
plotted in Figs. 4(a)–4(d), respectively. These values for primary
signal power of 4 W are illustrated in Figs. 5(a)–5(d).

The pump-to-idler conversion efficiency of an AA-DFG sys-
tem with zero OPA chirp peaked at 20.7% for 0.4 W primary
signal power, and the corresponding input beam diameter and
DFG length proportion were 345 μm and 0.745, respectively.
These values were then reduced gradually with the increase of
the OPA chirp rate, reaching 20%, 188 μm, and 0.41, respec-
tively, when the OPA’s domain periodicity variation was
0.24 μm. The calculated results witnessed similar trends when
the input primary signal power was raised by an order of mag-
nitude to 4 W. The peak pump-to-idler conversion efficiency
stood at 23.4% as the beam diameter and DFG length propor-
tion were 390 μm and 0.71, respectively, in the scenario of zero
chirp rate. These values decreased to 22.6%, 200 μm, and
0.365, respectively, in the case of the largest OPA domain
periodicity variation of 0.24 μm.

Despite that the induced chirp in the OPA section would
inevitably reduce the effective interacting length and result in
lower pump-to-idler conversion efficiency, tighter input beam
focus and readjustment of the DFG length ratio could always
redeem the performance deterioration of such an AA-DFG

system to some extent, as long as the pump density was below
the damage threshold of the crystal, and the beam confocal
parameter was larger than the crystal length. Therefore, only
subtle degradation in pump-to-idler conversion efficiency oc-
curred in both cases even though the wavelength tolerance of
the input lasers was increased from almost zero to 10 nm each.
It is also worth mentioning that when the DFG length proportion
reaches unity, such an AA-DFG system becomes a single-stage
DFG system. Under this condition, the highest pump-to-
conversion efficiency was only around 12% even if it was pumped
by the favorable square pulses with optimal beam diameter. In other
words, the AA-DGF scheme could offer an efficiency enhancement
of more than 50% compared with the single-stage DFG, even
though the largest input wavelength tolerance of 10 nm each
and the smaller primary signal power of 0.4 W were selected.

Figure 6 compares the optimal DFG length proportion,
beam diameter, and pump-to-idler conversion efficiency with

Fig. 4. Pump-to-idler conversion efficiency with respect to input
beam diameter and DFG length proportion for primary signal
power of 0.4 W with different OPA domain periodicity variations.
(a) 0, (b) 0.06, (c) 0.12, and (d) 0.24 μm. The color bars show
the pump-to-idler conversion efficiency in percentage.

Fig. 5. Pump-to-idler conversion efficiency with respect to input
beam diameter and DFG length proportion for primary signal
power of 4 W with different OPA domain periodicity variations.
(a) 0, (b) 0.06, (c) 0.12, and (d) 0.24 μm. The color bars show
the pump-to-idler conversion efficiency in percentage.

Fig. 6. Comparisons between AA-DFG systems with input primary
signal powers of 4 W and 0.4 W on the (a) optimal length proportion
of DFG section, (b) input beam diameter, and (c) pump-to-idler con-
version efficiency with respect to OPA domain periodicity variation.
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respect to the OPA domain periodicity variation for primary
signal powers of 4 and 0.4 W. The optimal DFG length
proportions for AA-DFG systems with primary signal power
of 0.4 W were larger than those for primary signal power of
4W if they possess the same OPA domain periodicity variation,
as shown in Fig. 6(a). The optimal beam diameters for the
two cases showed an opposite situation, as was illustrated in
Fig. 6(b). Clearly, larger primary signal power would deplete
the pump more efficiently, and therefore shorter DFG length
and looser focus should be applied to avoid severe backconver-
sion in this section. Fortunately, even with the largest domain
periodicity variation and the smaller primary signal power, the
tightest pump beam was still 188 μm in diameter with calcu-
lated confocal parameter of 112 mm, which is more than 2
times larger than the crystal length. The loose focusing condi-
tion could also relieve the risk of crystal damage at the waist of
the pump beam. Other than the pump beam, a more intense
primary signal could produce idler more efficiently in the DFG
process, and meanwhile its own intensity could also grow faster
from pump depletion. As a result, higher primary signal inten-
sity could be obtained after the DFG section, leading to higher
idler amplification rate in the OPA process. Because idler con-
version of both processes could benefit from higher primary
signal power, the overall effect would result in much higher
pump-to-idler conversion efficiencies under higher primary sig-
nal powers, as indicated in Fig. 6(c).

It is also noteworthy that the pump-to-idler conversion
efficiency of an AA-DFG system is still inferior to that of a
COPO even when the AA-DFG is in its favorable conditions,
including the highest primary signal power and square pump
pulses, whereas the pump pulse shape for the COPO is only
Gaussian [24]. Undoubtedly, the COPO cavity circulating the
primary signal could make the best use of its intracavity pri-
mary signal power and thus produce idler more effectively than
an AA-DFG system. However, the cavity would also bring
about an instability issue caused by misalignment and thermal
lens effect. Especially when operated in pulse-on-demand
mode, a different overall duty cycle will lead to significant
differences in thermal conditions, affecting the mode overlap
between the oscillating primary signal and pump beams. As
a result, the conversion efficiency would vary under different
pump repetition rates, even if each pump pulse was identical.
Worse, the oscillating cavity might sometimes turn into an un-
stable resonator under certain thermal conditions, which is dis-
astrous to practical applications. By contrast, good mode
overlap can always be realized for an AA-DFG system, provid-
ing excellent stability with much better pump-to-conversion
efficiency than a single-stage DFG or OPO, which is suitable
for generating high-power MIR radiation for countermeasures
or biomedical applications.

4. CONCLUSIONS

In summary, we have numerically studied the performance of
an AA-DFG system based on multichannel tandem LN super-
lattice driven with pulsed pump and CW primary signal lasers.
It is concluded that square pump pulses and higher primary
signal power are beneficial to higher pump-to-idler conversion
efficiency. In addition, the DFG length proportion and the

beam diameter both play important roles in optimizing the per-
formance of an AA-DFG system with different acceptance
bandwidths for the input lasers. Although the optimal
pump-to-idler conversion efficiency of such an AA-DFG sys-
tem is inferior to that of a COPO system, its optimized
pump-to-idler conversion efficiency is still much better than
a single-stage OPO or DFG system. Moreover, the cavity-free
configuration can fully avoid the power instability incurred by
the thermal effect and misalignment, thereby improving its per-
formance to a great extent and making it suitable for versatile
operation modes, including pulse-on-demand mode. We be-
lieve that such an AA-DFG system combining the merits of
excellent stability, high pump-to-idler conversion efficiency,
and certain acceptance bandwidths has provided a promising
solution to the production of high-power MIR radiation for
practical applications.
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