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An opposite-chirped frequency-domain optical parametric amplification (OC-FOPA) design is demonstrated and
numerically verified. This scheme combines both an ultrabroad seeding generation and the subsequent effective
amplification in one single optical parametric amplification stage. Based on a slightly asymmetrical 4-f optical
system, the spectral contents of both pump and signal waves are spectrally dispersed with opposite spatial chirps,
to broaden the initial idler seeding. Via a properly designed fan-out periodically poled LiNbO3 chip, nearly per-
fect quasi phase matching can be realized across the full spectrum, whereby each individual spectral pair precisely
maps to its required grating period. Full-dimensional simulations based on commercial ∼110 fs (FWHM) near-
infrared (near-IR) lasers at 790 and 1030 nm are quantitatively discussed, and few-cycle mid-IR laser pulses
(∼60 fs at 3.4 μm) plus a high conversion efficiency exceeding 50% are theoretically predicted. By means
of a high-power pump source, the OC-FOPA scheme can be also applied to directly produce high-intensity
carrier-envelope-phase-stabilized mid-IR idler pulses. © 2017 Chinese Laser Press

OCIS codes: (190.4970) Parametric oscillators and amplifiers; (320.7110) Ultrafast nonlinear optics; (320.7160) Ultrafast

technology.
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1. INTRODUCTION

Few-cycle mid-infrared (mid-IR) ultrafast laser sources are of
great interest for a diverse range of applications from high har-
monic generation [1,2] and laser wakefield acceleration [3,4] to
spectroscopic investigation [5]. Exponentially increased efforts
in the development of higher-intensity mid-IR lasers have been
undertaken over the last 10 years [6–10], among which non-
linear downconversion is the common method for generating
intensive mid-IR lasers that are not easily accessible with a
mode-locked laser. In particular, broadband difference-
frequency generation (DFG) or optical parametric amplifica-
tion (OPA) between two conventional near-IR laser sources
has been widely exploited for few-cycle mid-IR pulse genera-
tion, as the idler wave [11–13]. Generally, it rests upon two
inevitable ingredients: an ultrabroad driving laser for seeding
generation and the subsequent ultrabroad OPA stages for
energy boosting [14]. First, the original bandwidth of the
mid-IR seeding is primarily determined by the driving laser.
Usually, to meet this ultrabroad bandwidth requirement,
the driving laser should have been previously spectrally broad-
ened via continuum generation in various nonlinear media
[15–17] or filamentation in gases [18,19]. For the subsequent

broadband OPA stages, then, a sufficiently broad parametric
gain spectrum, which determines the amplification ability on
the potential shortest pulse duration, is the other critical issue.
To ensure the effective amplification of few-cycle laser pulses,
strategies such as postcompression in hollow-core fiber [20,21],
noncollinear optical parametric chirped pulse amplification
(OPCPA) [22–24], or, as demonstrated in Refs. [25,26],
frequency-domain OPA (FOPA) have been proposed.

In this paper, we present and numerically verify an opposite-
chirped FOPA (OC-FOPA) scheme capable of high-power
ultrafast mid-IR pulse generation. Here, with a slightly asym-
metric 4-f optical system, broadband pump and signal pulses
are oppositely spatial chirped. The opposite instantaneous fre-
quency deviations of the signal and pump beams enable the
initially generated idler pulse to have a significantly broader
spectrum than those of the driving pulses. To realize perfect
phase matching (PM) across such a broad spectrum region,
periodically poled LiNbO3 (PPLN) crystal with a fan-out gra-
ting structure is adopted as the nonlinear medium. As long as
the spatially varying grating period of Λ�x� is appropriately
designed, quasi PM (QPM) and the consequent efficient para-
metric amplification can be realized for each individual spectral
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pair. The proposed OC-FOPA scheme handily combines both
ultrabroad mid-IR seeding generation and the subsequent
effective amplification in one single OPA stage. In theory, with-
out the help of previous spectrum broadening or postcompres-
sion, few-cycle mid-IR laser pulses can be efficiently generated
via a common commercial ∼110 fs near-IR driving laser.

2. CONCEPT OF THE OC-FOPA SCHEME

Nonlinear downconversion is a well-established laser technol-
ogy for filling mid-IR spectral gaps or enhancing the laser
energy at any wavelength of interest, termed DFG or OPA.
In a standard ultrafast OPA device, the pump and signal pulses
are both nearly transform limited (TL) with femtosecond pulse
durations [27,28]. The ubiquitous group velocity mismatch
(GVM) thus has a determinative effect on limiting the effective
interaction length and narrowing the gain bandwidth [29,30].
Although enhancing the pump intensity can make up for this
insufficient nonlinear interaction, the maximum pump inten-
sity is still limited by the damage threshold of crystal. To scale
up the pumping energy, the well-known OPCPA design was
proposed. Recently, Zhang et al. reported an OPA scheme
called dual-chirp OPA (DC-OPA) [31,32]. Unlike conven-
tional OPCPA cases, in this scheme, temporally chirped broad-
band pump pulses are employed. By properly managing the
temporal chirps, PM can be achieved for each individual tem-
poral slice of the pump and signal pulses, allowing the use of a
longer crystal without either gain narrowing or efficiency loss.
In addition, compared with the OPCPA scheme, DC-OPA has
more degrees of freedom to control the spectral characteristic of
the idler wave. Specifically, when the chirp signs of the pump
and signal pulses are opposite, an initial idler pulse with a re-
markably broadened spectrum compared with those of the driv-
ing pulses is expected. However, the shortest idler pulse we can
obtain is still limited by the acceptable PM bandwidth of the
nonlinear crystal. Unfortunately, opposite chirp signs normally
provide more rigorous PM conditions [33]. The restricted
PM bandwidth, in combination with the temporally varying
intensity envelope, makes it more difficult to tackle the gain
narrowing in the opposite DC-OPA systems. Phase-matched
amplification over such an ultrabroad spectrum is still challeng-
ing. FOPA was first proposed by Schmidt et al., and is capable
of simultaneous upscaling of peak power and amplified spectral
bandwidth [26]. In this scheme, a signal beam is spectrally dis-
persed in the Fourier plane, and then the broad spectrum can
be amplified “slice by slice.” Several individual nonlinear crys-
tals are used to broaden the gain spectrum, where each is tuned
for optimal amplification of its corresponding spectral slice.
Then, a two-dimensionally patterned QPM medium is intro-
duced for gain-spectrum tailoring and to relax the influence of
the sharp crystal edges [25].

On the basis of the FOPA scheme, we propose a different
strategy for high-power ultrafast mid-IR pulse generation
that combines both ultrabroad seeding generation and efficient
parametric amplification in one single OPA stage. The pro-
posed OC-FOPA scheme is conceptually illustrated in Fig. 1,
in which a slightly asymmetric 4-f optical system is employed.
In this setup, various frequency components of signal and
pump pulses are separately spectrally distributed in space. As

shown, the signal and pump pulses pass through the sequent
diffraction grating G1∕G2 and collimating mirror M1∕M2

individually. Then, each frequency component spectrally dis-
tributes and focuses into its separate focus in the Fourier plane.
To broaden the initially generated idler spectrum, the expanded
pump and signal beams overlap with opposite linear spatial
chirps. To realize the optimumOPA throughout the ultrabroad
idler spectrum, a single monolithic QPM crystal with a fan-out
profile is employed, whose spatially varying grating period Λ�x�
exactly phase matches to the inhomogeneous QPM condition
of jkp�x� − ks�x� − ki�x�j � 2π∕Λ�x�. Perfect PM thus can be
achieved across the entire chirped beams. After the efficient
nonlinear downconversion, optical Fourier transformation of
the amplified idler wave is carried out from the frequency do-
main to the temporal domain, while the amplified signal and
the residual pump beams are both filtered via a dichroic mirror.
Finally, ultrafast idler pulses are obtained after necessary
dispersion compensation.

In the Fourier plane, the instantaneous angular frequency of
idler can be regarded as the algebraic subtraction between
those of the signal and pump pulses. Supposing the signal
and pump pulses have an equal bandwidth of Δω and an equal
initial beam radius, the generated idler bandwidth will be
doubled, and then the spatial chirp (∂x∕∂ν) gets only one
half of the original when both beams are chirp expanded
to a same size. Thus, after a conventional 4-f optical propaga-
tion, the idler angular dispersion to be compensated would also
be just one half of that the incident gratings provided. In addi-
tion to distinct operation wavelengths, the angular dispersions
should also be remarkably different for the gratings in the input
and output ends, resulting in a slightly asymmetric 4-f setup.

3. PROOF OF PRINCIPLE

Under an assumption that the collimating mirrors employed
have a long focal length, and the focusing and diffraction effects
are ignorable, the temporal–spatial coupled beams in the
Fourier plane can be approximately described as [34]

A�x; y; t� � b exp

�
−

�
x2

�1� u�σ2 �
y2

σ2

�
�

�
−

t2

τ20�1� u�

��

× exp
�
−i

2
ffiffiffi
u

p
xt

�1� u�στ0

�
; (1)

Fig. 1. Schematic illustration of the proposed OC-FOPA scheme.
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where σ and τ0 respectively present the beam radius and the
initial pulse duration in half-width at 1∕e2 maximum of the
radial intensity distribution. The last exponential function
states the linear frequency sweep across the x axis. Clearly,
due to this spatial chirp, for each focal spot in the Fourier
plane, the spectral variation is orders of magnitude smaller
and the pulse duration is stretched correspondingly to be
τ0�1� u�1∕2. Here, �1� u�1∕2 is defined as the spatial chirp
coefficient, which is also the ratio between the major and minor
axes of the chirp-expanded beam.

To demonstrate the optimized performance of the proposed
configuration, focusing on the conversion efficiency and the
idler spectrum bandwidth, a typical OPA process between
790 and 1030 nm femtosecond pulses was numerically studied,
in which the desired mid-IR pulses at ∼3.4 μm were concomi-
tantly generated as the idler wave [35]. A conventional femto-
second OPA (fs-OPA) scheme was also considered for
comparison. A 5% MgO-doped PPLN crystal, which is widely
adopted for mid-IR laser generation, was used [36]. Interacting
waves were all e-polarized so that the largest d 33 nonlinear
coefficient could be utilized. Full-dimensional �x; t; z� simula-
tions were conducted based on the well-known nonlinear
coupled-wave equations numerically solved by a standard
split-step method [23]. The essential parameters, calculated
based on the temperature-dependent Sellmeier equations for
5% doped MgO:PPLN [37], are summarized in Table 1. In
our simulations, temporal dispersion terms of GVM and group
velocity dispersion (GVD) were both taken into account, while
the diffraction effect was ignored. Figures 2(a) and 2(b) present
the simulated small-signal dependence of conversion efficiency
and spectrum bandwidth of the generated mid-IR idler pulses
on the crystal length. The nonlinear length Lnl , which is a mea-
sure of the pump intensity or parametric gain, is presented
correspondingly [38]. The pump and signal pulses possess
an equivalent initial temporal duration τ0 of 100 fs. For the
OC-FOPA scheme presented, the spatial chirp coefficient
�1� u�1∕2 was set to be 100. At each focal spot, consequently,
both the signal and pump pulses were temporally stretched
from 100 fs to 10 ps with opposite chirp signs. It should be
noted that normally, damage fluence scales with the root square
of pulse duration [39]. Thus, the driving intensity used here is
only one tenth of that used in the fs-OPA situation.
Meanwhile, the crystal length gets 101∕2 longer to compensate
the reduced intensity and ensure a uniform gain when GVM
effects are negligible. Since a sufficiently broad original spec-
trum is the prerequisite for obtaining broadband pulses after
amplification, we pay attention first to the initial bandwidth
of the idler pulses. As is shown in Fig. 2(c), for the fs-OPA
scheme, the initial idler spectrum is obviously wider than
the initial spectrum of the driving pulses ascribed to the fre-
quency mixing of various frequency components. Despite
the lack of frequency mixing, by virtue of the opposite spatial

chirps, the OC-FOPA scheme is also able to overcome the gain
narrowing resulting from the nonuniform spectral gain, and
obtains a broadened idler output [shown in Fig. 2(d)].

As the crystal length increases, however, although the spec-
tral bandwidth is almost untouched, the conversion efficiency
shows a significant decrease for the conventional fs-OPA cases,
caused by the more prominent GVM effects. As for the OC-
FOPA scheme, besides the fan-out PPLN design, a simpler
PPLN chip with a unique grating period was also considered.
However, although the stretched pluses significantly relieved
the GVM effects on pulse slipping, contradiction between
the limited gain bandwidth and such a broad idler spectra is
another stumbling block, resulting in a synchronous dropping
of the overall conversion efficiency and the idler spectral band-
width [dashed lines in Fig. 2(b)]. In comparison, the broadened
mid-IR seeding can be efficiently amplified without loss of any
spectral bandwidth as long as an optimized fan-out PPLN
crystal is adopted [solid lines in Fig. 2(b)].

Obviously, the spectral bandwidth of the idler strongly de-
pends on the transverse grating varying of the nonlinear crystal.
For the linearly chirped fan-out PPLN chips, the grating period
Λ�x� is a function of transversal location x, which can be
expressed as Λ�x� � Λ0 � κ 0�x − x0�, where κ 0 is the grating
chirp rate. Λ0 represents the grating period in the cross section
center. Here, Λ0 is always chosen to ensure QPM for the center
wavelengths. If the GVM effects are negligible, then the
interacting waves are quasi-continuous at each focal spot.

Table 1. Nonlinear Optical Crystal Parameters for 5% Doped MgO:PPLN at 24.5°C (λp � 790 nm, λs � 1030 nm,
λi � 3.4 μm)

d eff (pm/V) νpump (m/s) νsignal(m/s) νidler(m/s) Λ0 (μm) GVDpump (fs2∕mm) GVDsiganl (fs2∕mm) GVDidler (fs2∕mm)

16 c∕2.258 c∕2.207 c∕2.203 21.9 367 246 −800

Fig. 2. Simulated dependence of conversion efficiency and spec-
trum bandwidth of the mid-IR idler pulses on the crystal length,
for (a), (c) the conventional fs-OPA and (b), (d) the proposed OC-
FOPA schemes. It should be noted that for all intensity–length pairs
of each OPA scheme, constant conversion efficiency and a similar idler
spectrum [(c), (d)] can be achieved in the absence of temporal pulse
slipping. The initial signal intensity was fixed at 1% of the pump
intensity.
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Figures 3(a) and 3(b) presents the small-signal idler spectrum
bandwidth versus various grating chirp rates for different pulse
duration pairs. It’s clear that for each duration case, there is a
specialized grating chirp rate where the idler spectrum is the
broadest. Obviously, there is an explicit one-to-one correlation
between the optimum chirp rate and the instantaneous fre-
quency pairs. For the fixed spectrally expanded beam profiles,
the spectrum bandwidth of each individual pulse determines its
spatial chirp (∂x∕∂ν) in the Fourier plane, and thus the overlap
of each instantaneous frequency pair.

Likewise, for a specific nonlinear parametric process, the
optimum chirp rate can also be adjusted by manipulating
the spectrally expanded beam profiles. The �1� u�1∕2-
dependent optimum chirp rates are presented in the insets
of Figs. 3(a) and 3(b), under the abovementioned operation
conditions. As is shown, the optimum chirp rate reveals an
approximate inverse proportional relationship to the spatial
chirp coefficient of �1� u�1∕2. As long as proper spatial
chirps are chosen, in theory, the optimum gain spectrum
can always be achieved via a pre-existing fan-out design, even
for various pulse duration cases. This actually facilitates the im-
plementation of the proposed scheme, and relaxes the precise
design and fabrication of distinct specified fan-out profiles.
Spectrum details near the maximum idler bandwidth are given
in Figs. 3(c) and 3(d). As can be seen, in the vicinity of the peak
value, idler spectra show obvious redshifting or blueshifting
with respect to the right and left sides of the optimum result.
In the paper, only a relatively simple linear design was dis-
cussed. For extremely broadband frequency conversions, flat
gain spectra can be obtained through the use of a nonlinearly
chirped QPM grating.

4. INFLUENCE OF THE GVM EFFECTS

For the conventional fs-OPA device, GVM plays a critical role
in limiting the effective interaction length. In the proposed
OC-FOPA scheme, the broadband interacting waves are spa-
tially chirped in the Fourier plane, resulting in linearly divided
spectrum components and an accordingly stretched pulse du-
ration. Parametric amplification in the frequency domain not
only provides the possibility of broadband PM, the stretched
pulse duration, but also essentially weakens the detrimental
GVM effects. However, pulse slipping still occurs as long as
the interacting pulses are not sufficiently spatially chirped.

In this section, we draw attention to the GVM effects on
both the parametric gain and the peculiarities of the idler beam.
In our simulations, the pump and signal waves had the same
beam radius and TL pulse duration (τ0 � 100 fs, i.e., ∼110 fs
at FWHM). A 5 mm fan-out PPLN crystal was employed, and
the optimum grating chirp rates were always chosen. The initial
signal intensity was 1% of the pump intensity, while the pump
intensity was fixed at ∼240 MW∕cm2, which was selected to
drive the OC-FOPA to saturation without the occurrence of
back-conversion. Ignoring the influence of material dispersion,
an ideal quantum conversion efficiency of ∼70% was predicted
in the beam center, and the overall efficiency was about 50%.
Clearly, by virtue of the reduced pulse slipping, the conversion
efficiency monotonically increases to its ideal limit as the spatial
chirp coefficient increases [shown in Fig. 4(a)]. Nevertheless,
the temporal and spectral characteristics of the idler wave seem
nearly insensitive to the GVM effects, so that a stable spectrum
and pulse envelope outputs are always obtained [shown in
Figs. 4(c)–4(f )]. Figure 4(b) presents the amplified idler spectra
and the dispersion-compensated pulse envelopes. As shown,

Fig. 3. (a), (b) Small-signal idler spectrum bandwidth versus various
grating chirp rates and (c), (d) spectrum details near the maximum
value with a fixed spatial chirp coefficient �1� u�1∕2 of 5, for different
pulse duration cases. In the calculations, pump and signal have equiv-
alent elliptical beam profiles, and the major and minor axes are 5 and
1 mm, respectively. The PPLN crystal length is fixed at 5 mm. Insets:
The �1� u�1∕2-dependent optimum chirp rates. τpump and τsignal re-
present the pulse duration of the pump and signal pulses, respectively.
(a), (c) τpump � 35 fs and τsignal � 100 fs; (b), (d) τpump �
100 fs and τsignal � 100 fs.

Fig. 4. (a) Dependence of the photon conversion efficiency on the
spatial chirp coefficient �1� u�1∕2, (b) the amplified idler spectra and
the corresponding dispersion-compensated pulse envelopes, (c)–(f ) the
individual extracted spatial–spectral and spatial–temporal profiles. In
the calculations, pump and signal have equivalent elliptical beam pro-
files, and the minor axes are fixed at 1 mm for various spatial chirp
coefficients. The idler spectrum is obtained by linear superposition of
each individual spectrum component across the spatial chirp axis x.
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similar spectrum profiles are theoretically predicted, showing an
ultrabroad bandwidth exceeding 500 nm and a corresponding
∼90 fs recompressed pulse duration at FWHM, which is
∼20% shorter than those of the driving lasers. This intriguing
feature may be caused by the independent frequency amplifi-
cation processes. Various frequency contents linearly distrib-
uted in the Fourier plane and the perfect QPM can be
achieved across nearly the whole idler spectrum by means of
the optimum grating structure. In a weak spatial chirp
situation, although the interacting waves no longer are termed
as quasi-continuous and pulse slipping still exists, the center
frequency at each spot dominates the nonlinear process and
obtains the most effective amplification since of the perfect
QPM and its highest driving intensity. As a result, it is the
fan-out profile and the consequent gain spectrum that deter-
mine the amplified idler spectrum. The temporal walk-off
can only reduce the effective length and the conversion effi-
ciency in turn, but gives rise to obvious spectrum distortion
of the idler wave. In comparison, remarkable pulse envelope
distortion derived from the pulse slipping is generally a major
concern in conventional OPA devices [40,41]. This beneficial
characteristic enables high-quality broadband idler pulses to be
generated even in weak spatial chirp situations.

5. PULSE CHARACTERIZATION AND
DISCUSSION

Finally, the spectrum evolution of the 3.4 μm idler wave is
explored for a detailed investigation. The incident pump inten-
sity is fixed at 240 MW∕cm2 while the signal intensity varies
from 0.1% of the pump intensity up to 10%. The amplified
idler spectra and the dispersion-compensated pulse envelopes
at different seeding intensities are respectively presented in
Figs. 5(a) and 5(b). By virtue of the frequency domain ampli-
fication, the spatially distributed frequency components show
nearly independent developments. The idler spectrum keeps
broadening as the seeding intensity increases, as a result of
the prior gain saturation in its central part. Eventually, the idler
spectrum becomes near-super-Gaussian with a spectrum dip in
the vicinity of the central wavelength. Clearly, in cases of
OPCPA or the OC-FOPA presented, matching the pulse du-
ration of pump and signal waves to reach the highest efficiency
might also reduce the gain bandwidth, simply because of the

lower pump intensity in the pulse tails. There is always a trade-
off between the highest gain and the broadest bandwidth. To
some extent, a moderate back-conversion may broaden the
bandwidth of the idler pulse and thus result in a shorter pulse
duration. As presented, the shortest pulse duration appears
(∼60 fs, which corresponds to only six cycles for a 3.4 μm car-
rier wavelength) when the spectral contents in the wings get
sufficiently amplified, at the cost of a moderate back-conversion
in the central part [dashed lines in Fig. 5(a)]. At the same time,
a high conversion efficiency exceeding 50% is simultaneously
obtained. However, the idler spectrum may suffer strong
modulation if the seeding intensity is far beyond the saturation
position, leading to multiple satellite pulses in the temporal
domain [solid lines in Fig. 5(a)] [31]. In addition to controlling
the spatial intensity profiles, we can also resort to a two-
dimensionally patterned QPM medium to tailor the gain
spectrum and obtain a flat spectrum output.

It should be noted that the driving lasers are only ∼110 fs.
The OC-FOPA scheme presented exerts a predominant effort
on broadening the generated idler spectrum and the subsequent
ultrabroad amplification. In recent years, large-aperture PPLN
samples have been available [42]. In combination with new
developments in high-power ultrafast amplifiers, this scheme
should enable high-power and few-cycle pulse generation in
mid-IR and even the terahertz regions.

In principle, synchronous signal and pump waves can be
obtained from two separate femtosecond lasers, or the
dual-wavelength outputs derived from a single driving laser.
Compared with active carrier-envelope phase (CEP) stabiliza-
tion, difference frequency mixing is favorable for passive
stabilization of the CEP of idler pulses [43,44]. Provided that
the pump and signal pulses originating from the same laser
device possess analogous carrier phases, high-intensity self-
CEP-stabilized mid-IR idler pulses can be directly produced.
Furthermore, by virtue of semiconductor materials such as
GaSe or periodic GaAs, the proposed OC-FOPA scheme
can be also applicable to generating phase-locked few-cycle tera-
hertz transients, when conventional oxide crystals exhibit
strong absorption [45,46].

6. CONCLUSION

In conclusion, we have proposed and numerically verified an
OC-FOPA scheme capable of both broadened idler seeding
generation and ultrabroadband PM in a single monolithic
QPM crystal. The spectral contents of both pump and signal
waves are spectrally dispersed with opposite chirp signs via a
properly designed fan-out PPLN chip, and nearly perfect
QPM can be realized across the entire interacting beam profiles,
whereby each individual spectral pair precisely maps to its
required grating period. In such optimal cases, the amplified
idler spectrum is insensitive to the GVM effects, so that stable
spectrum and pulse envelope outputs are always obtained. A
mild back-conversion in the vicinity of the central wavelength
may help in broadening the idler spectrum and thus obtaining
a shorter pulse duration. In theory, a commercial ∼110 fs
(FWHM) near-IR laser source is capable of generating few-
cycle mid-IR laser pulses (∼60 fs at 3.4 μm) with a high con-
version efficiency exceeding 50%. To overcome the detrimental

Fig. 5. (a) Amplified idler spectra and (b) dispersion-compensated
pulse envelopes at different seeding intensities. To minimize the GVM
effects, the spatial chirp coefficient �1� u�1∕2 was fixed at 20. The
same simulation parameters were employed as those given in
Fig. 4. The seeding intensity was set to 0.1%, 1%, 5%, and 10%
of the pump intensity, corresponding to an overall efficiency of
9%, 50%, 59%, and 54%, respectively.
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gain narrowing resulting from the nonuniform pump intensity,
in addition to controlling the spatial intensity profiles, we can
resort to a two-dimensionally patterned QPM medium to ob-
tain a more flat spectrum output. Furthermore, this scheme can
also be applied to produce high-intensity self-CEP-stabilized
idler pulses.
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