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We propose a dual-chirped optical parametric amplification (DC-OPA) scheme pumped by a broadband
laser pulse. The pump pulse is spectrally broadened in a multi-plate system before amplifying the chirped
seed in a BBO crystal. The system performance and phase-matching mechanism with different pump
bandwidths are investigated thoroughly. It is found that the broadened pump bandwidth benefits the
system most effectively when the pump and seed pulses are oppositely chirped. The idler bandwidth
is nearly tripled in the broadband pumped system, supporting a transform-limited (TL) duration of
8.4 fs (~1.3cycles), meanwhile the energy bandwidth product of the idler is 72.6% higher.
Furthermore, the idler wavelength is tunable between 1700 nm and 2050 nm, with sub-1.5-cycle TL
duration and over 14% conversion efficiency. The proposed scheme provides a suitable approach for

the generation of few-cycle pulses varying from near-infrared to mid-infrared regions.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Few-cycle laser pulses with microjoule to millijoule energy
have attracted lots of attentions in the past decades, owing to their
utmost importance for applications including strong-field physics,
attosecond optics, and ultrafast spectroscopy [1-11]. The special
properties of titanium doped sapphire (Ti:sapphire) such as broad-
band lasing range from 600 to 1050 nm, high stability, and indefi-
nitely long lifetime, make it a suitable material for a femtosecond
laser [12,13]. Using Kerr lens mode-locking (KLM) technique
accompanied with chirped pulse amplification (CPA) [14], Ti:sap-
phire laser has become one of the most popular commercially-
available sources for energetic ultrashort laser pulses. However,
the CPA technology is not capable of producing high-energy fem-
tosecond pulses in >1 pm range, due to the lack of suitable laser
material. Optical parametric amplification (OPA) and optical para-
metric chirped pulse amplification (OPCPA), with their outstanding
advantages including broad gain bandwidth, high wavelength tun-
ability, lower accumulation of thermal load and undesired nonlin-
ear effects, have become promising methods to down-convert the
Ti:sapphire laser light [15-18].
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An ultra-broadband gain is essential for few-cycle pulse gener-
ation in OPA. The zero group velocity mismatch (GVM) at degener-
acy allows ultrabroad gain bandwidth and few-cycle duration of
the output pulses, but the central wavelength is strictly limited
with low tunability [19-22]. For non-degenerate signal and idler
pulses, the increasing GVM leads to a much narrower gain band-
width. By using non-collinear geometry, the group velocity (GV)
of signal equals the projection of idler GV along the propagation
direction, the amplified pulses can therefore be overlapped over
a long interacting distance, producing a signal pulse with larger
bandwidth [23-27]. Nevertheless, the non-collinear pump-seed
angle will result in an idler beam with angular dispersion, which
requires energy-consuming dispersion compensation stage for its
further use [28,29].

In order to produce few-cycle pulses at non-degenerate wave-
length in a collinear OPA, several approaches have been proposed.
For example, employing periodically poled crystals to obtain
broadband gain in a quasi-phase-matched (QPM) OPA [30-32],
broadening the spectral bandwidth of OPA output pulse with a hol-
low fiber [33,34], or amplifying the pulse in the frequency domain
(Frequency-domain OPA, FOPA) [35,36], etc. However, the aperture
and damage threshold of periodically poled crystals as well as the
hollow core fiber severely limit the available pulse energy, and the
FOPA requires complex management of the interacting pulses spa-
tially and temporally.
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A comparatively simpler method to enhance the energy scala-
bility is the dual-chirped OPA (DC-OPA) scheme [37-40]. Zhang
et al. proposed DC-OPA scheme in [37]. The authors chirped both
pump and seed pulses to decrease the peak intensity of interacting
pulses and prevent undesired nonlinear effects. It was found that
the DC-OPA scheme is potentially capable of generating IR pulses
with the energy of few hundred millijoule. Fu et al. implemented
DC-OPA with a 100-m] pump laser and obtained 20-m] uncom-
pressed signal at 1400 nm, a total conversion efficiency over 30%
is experimentally achieved [38]. Wandel et al. extended the DC-
OPA scheme to longer wavelengths and generated narrowband,
high-energy, bandwidth-tunable pulses in the mid-infrared (mid-
IR) region [40]. Even though the DC-OPA scheme shows excellent
energy scalability, the signal or idler bandwidths are not broad
enough to support few-cycle output pulses for many important
applications, e.g. generation of isolated attosecond pulse (IAP) in
extreme ultraviolet range [41,42].

The gain bandwidth in DC-OPA can be increased by introducing
the concept of chirp-compensation [43-46]. The time-dependent
instantaneous wavelengths of pump and seed pulses are carefully
tailored in a way that ensures perfect phase-matching for a wide
range of frequency components, thus broadband gain is obtained.
Tang et al. implemented a chirp-compensation OPCPA scheme
and amplified a spectrum with more than 165-nm bandwidth
and less than 15-fs TL duration [43]. In [44], Limpert et al. utilized
the chirp compensation scheme for a degenerate signal, with the
second harmonic of a Ti:sapphire laser as the pump, the generated
signal spectrum covers a range of 630-1030 nm. Similarly, we pro-
posed the dual-pump OPCPA scheme [47] in which two non-
degenerate regions of the chirped seed are amplified by two
chirped pump respectively, the output spectrum spanning from
1300 nm to 2100 nm is obtained with a TL pulse duration of
9.0 fs. Recently, Yin et al. presented a broadband-pumped DC-
OPA system for the generation of high-energy, two-cycle pulses
centered at 3.2 um [48].

According to our study on the dual-pump OPCPA scheme, the
gain bandwidth of the system can benefit from a broader pump
bandwidth [47]. However, most of the existing OPAs utilized the
pump pulse directly from a laser system with a TL duration of
>30fs. Energetic 800-nm pulses with broader bandwidth and
shorter TL duration are readily available with current technique.
Lu et al. generated an intense super-continuum by focusing a
high-power laser pulse into several pieces of strategically placed
fused silica plates [49]. In [50], He et al. also performed the
multi-plate scheme and achieved 800-nm, 0.68-m], 5.4-fs pulse
with a near-single-cycle TL duration of 3.5-fs. It is naturally
inferred that if the high-energy, broadband pulses are utilized to
pump an OPA, the gain bandwidth of the system can be remarkably
improved.

In this paper, we propose a DC-OPA system pumped by a broad-
band femtosecond laser. Instead of pumping the system directly
from a Ti:sapphire laser source, the pulse is sent into a multi-
plate system for spectral broadening. The broadband pump and
seed pulses are both chirped to manipulate their time-dependent
wavelengths and improve the gain efficiency. The amplification
mechanism at different pump bandwidths and chirp combinations
is investigated and discussed, and the system performance is opti-
mized correspondingly. The spectral-temporal property of the idler
pulse from a broadband pump OPA is specifically analyzed and the
wavelength tunability is confirmed. The rest of this paper is
arranged as follows. In Section 2, we introduce the concept and
numerical model of the proposed scheme. In Section 3, the gain
mechanism of DC-OPA is analyzed. In Section 4, the results of
broadband pumped and narrowband pumped DC-OPAs are com-
pared. Finally in Section 5, the conclusions are drawn and the pro-
spect is discussed.

2. Concept and theory

The schematic of the proposed scheme is presented in Fig. 1.
The initial pulse is produced in a commercially available Ti:sap-
phire laser with a pulse duration of 50 fs and a repetition rate of
1 kHz. The laser beam is divided into two beams. The beam with
higher pulse energy is spectrally broadened in a multi-plate sys-
tem, and then temporally chirped in the pump stretcher. The less
energetic beam passes through a dual-crystal OPA (DOPA) system
to produce a broadband seed centered at 1400 nm [51,52]. The
seed pulse is chirped in a seed stretcher. In order to compare differ-
ent systems with different pump bandwidths, we simulate the
amplification process using Gaussian-shaped pump pulses with
TL durations of 10fs, 20fs, 30fs, and 50 fs, respectively. The
shorter the TL duration is, the broader the pump bandwidth is.
The pulse energy is fixed at 300 pJ. For simplicity and clarity in
the following article, the 50-fs pump pulse will be referred to as
the narrowband pump (although the bandwidth is considerably
large), in comparison to the broadband pump with 10-fs to 30-fs
TL duration. It is noteworthy that, since all existing bandwidth-
broadening methods inevitably stretch the pulse temporally and
the recompression requires deliberate dispersion management,
the broadband pumps will not be used as TL pulses here. Instead,
each broadband pump pulse is chirped and stretched to a designed
pulse duration, varying from 50 fs to 120 fs. The seed spectrum is
obtained from our recent experiment [52], with a full width at half
maximum (FWHM) bandwidth over 200 nm. The TL duration of the
seed is 13 fs and the pulse energy is approximately 1 pJ. Both the
radii of the pump and seed beams are 5 mm.

To quantitatively investigate the influence of pump bandwidth
on OPA system, we numerically solve the coupled wave equations
including the nonlinear interaction and up to fourth order disper-
sion of each pulse, which are written as follows:
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in which A, (m = p, s, and i) is the field amplitude of the pump, sig-
nal and idler pulses, respectively, vg, is the group velocity, k;
denotes the jth-order dispersion coefficient, j is calculated up to 4,
degr is the nonlinear coefficient for the parametric amplification,
and n,, is the refractive index of each pulse evaluated from the Sell-
meier equations. The equations are solved through split-step
Fourier-transform algorithm, in which the dispersion is calculated
in the frequency domain and the amplification is calculated in the
time domain with 4th-order Runge-Kutta numerical method. The
interacting pulses are treated with slowly varying envelope approx-
imation (SVEA), which is a reasonable approximation in the investi-
gation because all the involved pulses are stretched to pulse
durations longer than 50 fs. Since the input pulses contain spectral
bandwidth up to several hundred nanometers, the 3rd-order and
4th-order dispersions are included. However, higher order disper-
sions show very little influence to the results, therefore neglected
in the simulation. Since one-dimensional (1D) numerical model is
valid to reveal the spectral-temporal properties in the parametric
process, and the spatial distribution of the beams is beyond the
scope of this paper, we perform a simple 1D simulation in the fol-
lowing investigation.



Z. Hong et al./Optics and Laser Technology 98 (2018) 169-177 171

1200~1500 nm

300 pJ,
Ti:slar’:\‘j,hgg;:,ser oo Multi-plate —DI Stretcher I 50~ 120fs NoRlibearil. o
800 nm, 1kHz system W crystal
~1p,
200 p Dua(l;;rAyStal

60 fs

Fig. 1. Schematic of a dual-chirped optical parametric amplifier pumped by a broadband laser pulse.

The interacting pulses are stretched with linear temporal chirp
(the time dependence of its instantaneous frequency, with the unit
of Hz/fs). However, the dispersions of the pulses are calculated in
the frequency domain, therefore the temporal chirp is transformed
to the group delay dispersion (GDD) and added to the pulses in the
frequency domain. Detailed illustration of the relationship
between GDD and temporal chirp can be found in our previous
work [47]. The pump chirp can be introduced using either chirped
mirrors (negative chirp) or bulk material (positive chirp). At the
same time the seed pulse is also stretched to ~60 fs, with a fixed
GDD of —180 fs%. The temporal and frequency pulse shaping can
be easily achieved by chirped mirrors or DAZZLER.

During the simulation, we employ the energy-bandwidth pro-
duct (EBP) to compare the performances of different systems.
The pulse EBP is the ratio of its energy to the TL duration, which
represents the highest achievable peak power of the pulse. As
widely known, there is a tradeoff between the energy conversion
efficiency and the gain bandwidth during the parametric amplifica-
tion, therefore we employ the EBP in order to determine the high-
est achievable power of the output pulses. A piece of B-barium
borate (BBO) crystal is employed as the nonlinear crystal. The
applied BBO crystal is cut at 19.9°, which is the phase-matching
angle for 1400-nm signal components. The BBO thicknesses are
selected in such a way that the EBPs of the output pulses are
optimal.

3. Gain mechanism in DC-OPA

Before simulating the parametric amplification, it is necessary
to analyze the gain mechanism of OPA system. The gain properties
of OPA are built on the amplification of initial seed and idler pulses
through the three-wave interaction. For this reason, the initial
bandwidth of seed or idler pulse determines the upper limit of
achievable bandwidth after the OPA process. The initial bandwidth
is defined as the bandwidth obtained in an infinitely thin nonlinear
crystal through OPA process. Regarding to an idler pulse, it is pro-
duced as soon as the pump and seed pulses are injected into the
nonlinear crystal, via difference frequency generation (DFG)
between the pump and seed pulses. If the crystal thickness is infi-
nitely close to 0, the initially generated idler bandwidth is thus not
affected by the phase-matching condition but mainly determined
by the present pump and seed wavelengths.

We then turn to DC-OPA, as previously studied in [37], the dual-
chirped geometry allows us to manipulate the initial pump and
seed chirps individually. Compared to conventional OPCPA, DC-
OPA scheme has more degrees of freedom because the pump chirp
is variable as well as the seed chirp. In this case, the system perfor-
mance is largely dependent on the instantaneous wavelengths of
the input pump and seed pulses.

We first show how the pump and seed bandwidths and their
chirp combinations affect the initial idler bandwidth. In DC-OPA,
the instantaneous frequency of the interacting pulses can be
expressed as follows:

wp(t) = wpo + Cpt,

ws(t) = Wsp + Cst7

W;(t) = wp(t) — ws(t) = wi + Cit,

in which wn(t) (m=p, s, and i) is the time-dependent angular fre-
quency of the pump, signal, and idler pulses, respectively, @y, is
the central angular frequency and C,, is the temporal chirp of each
pulse, C; = C, — Cs. The calculated results are plotted in Fig. 2. Pump
pulses with TL durations of 10 fs (black), 20 fs (blue), 30 fs (red) and
50 fs (yellow) are included. The GDDS introduced to the pump
pulses are +90 fs2, +165 fs2, 215 fs2, and 0 fs?, respectively, and
all the pump pulses are stretched to the duration of 50 fs. The seed
GDD is fixed at —180 fs2, and the seed pulse is stretched to the dura-
tion of 60 fs. Since the gain mechanism of DC-OPA system is inde-
pendent on the pump-seed duration ratio, we investigate a
slightly longer seed pulse than the pump pulse as an example.

When the pump and seed pulses are chirped with the same
sign, C, and C, are both negative, the instantaneous wavelengths
of pump and idler are shown in Fig. 2(a) and (c), respectively. To
stretch different pulses to the same duration, the temporal chirp
of a broadband pulse is larger than that of a narrowband pulse
(absolute value). When the TL duration of the pump is longer than
20fs, the seed bandwidth is broader than the pump, |G| > |Gyl
Consequently, the idler pulses are generated with positive chirps
(Ci > 0, blue, red, and yellow lines in Fig. 2(c)). As TL duration of
the pump reaches 10 fs, the pump bandwidth exceeds the seed
bandwidth, |C,| > |Cs|, the idler is therefore generated with a neg-
ative chirp (C; < 0, black line in Fig. 2(c)). Note that the TL-10-fs
pump has a much larger bandwidth than the signal, thus its wave-
length slope is much steeper than the seed. As a result, the slope of
the black line in Fig. 2(c) is even larger than the yellow line.

When the pump and seed pulses are chirped with opposite
signs, C, > 0 and C; < 0, the instantaneous wavelengths are shown
in Fig. 2(b) and (d), respectively. As observed in Fig. 2(b), the time-
dependent wavelengths of the pump pulses are exactly opposite to
the ones in Fig. 2(a), which are opposite to the seed wavelength. In
this case, the idler pulses are always generated with a positive ini-
tial chirp, G; =C, — C; =|C,| + |G| > 0. After stretching different
pump pulses to the same duration, the pump pulse with a larger
bandwidth contains larger chirp compared to a narrow bandwidth,
thus we can plot the instantaneous wavelengths of the idler as in
Fig. 2(d), in which the idler chirp from TL-10-fs pump system is
the largest among the 4 systems. It is easily deduced that C; is lar-
ger when C, and C; have opposite signs, hence the largest initial
idler chirp is achieved when the pump and seed pulses are oppo-
sitely chirped.

The idler pulse is produced in a time window where the input
pump and seed pulses are temporally overlapped. In the above
conditions, the stretched pump durations (50 fs) are shorter than
the seed (60 fs), thus the durations of the idler pulses in all condi-
tions are close to the input pump pulses. As shown in
w;i(t) = wyp + Cit, when the temporal property of the initially gen-
erated idler pulse is fixed, the main factor that determines the idler
bandwidth is the pulse chirp C;. Based on the above analysis, the
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Fig. 2. (a), (b) Time-dependent wavelengths of the pump pulses. (c), (d) Time-dependent wavelengths of the idler pulses. The initial pump chirps in (a) and (c) are negative,
the initial pump chirps in (b) and (d) are positive. The black, blue, red, and yellow lines represent pump pulses with TL durations of 10 fs, 20 fs, 30 fs, and 50 fs, respectively.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

largest bandwidth of the initially generated idler pulse is obtained
with oppositely chirped pump and seed pulses.

In Fig. 3, the phase-matching efficiency with respect to the
pump chirp and the idler wavelength is depicted. The seed pulse
is still chirped to ~60 fs with a GDD of —180 fs in this condition.
The phase-matching efficiency is expressed as sinc2(AkL/2), where
Ak =kp, — ks — ki is the frequency-dependent phase mismatch and
L is the nonlinear crystal thickness. The crystal thickness L is fixed
at 2 mm here for simplicity. The white dotted lines in Fig. 3 define
the initially generated idler wavelength range within the temporal
window of —50 fs < t < 50 fs. The GDDs of positively chirped pump
pulses with TL durations of 10fs, 20fs, 30 fs, and 50 fs are indi-
cated as the black, blue, red, and purple lines, respectively. The
pump pulse durations after stretching are all ~50 fs, and the length
of each line represent the initially generated idler bandwidth in
each condition.

As observed in the bottom half of Fig. 3, high efficiency phase-
matching is achieved for the idler components spanning from
1600 nm to 1900 nm by introducing negative chirps for both pump
and seed pulses. For the pump pulse with a GDD of —40 fs?, the
phase-matching bandwidth reaches the maximum. This is a linear
fit to the aforementioned chirp-compensation scheme as reported
in [43,46,48]. However, as depicted by the white lines, the spec-
trum of the initially generated idler only starts from >1700 nm.
For this reason, we have no wavelength components <1700 nm
amplified, though this part is still phase matched, and conse-
quently, a narrowed idler bandwidth is obtained after the paramet-
ric process. It is observed that the TL-10-fs pump case
(GDD = —90 fs?) has the largest idler bandwidth, and the TL-20-fs
(GDD = —165 fs?) and TL-30-fs (GDD = —215 fs?) pump cases have
similar GDDs to the seed, making the bandwidth of the initially
generated idler pulse close to 0. It can be therefore predicted that,
when the pump pulse is negatively chirped, the DC-OPA pumped
by a TL-10-fs pulse produces idler pulse with the largest
bandwidth.

In the top half of Fig. 3 where the pump and seed pulses are
oppositely chirped, high efficiency phase-matching bandwidth is
slightly narrower than the bottom half while the moderate
phase-matched bandwidth is comparatively broader. It is notewor-
thy that phase-matching is an accumulated effect during the

parametric amplification process. Even though the phase-
matching bandwidth is narrower, as long as the crystal thickness
is appropriate, the wavelength components with moderate
phase-matching efficiency still cover a broad bandwidth.

It is also noticed that the pump GDD is of minor influence on the
phase-matching efficiency. For different positive pump GDDs, the
phase-matching bandwidths are similar, which makes the initial
bandwidth defined by the white dotted lines the decisive factor
for the idler output bandwidth. The 4 cases are indicated by the
solid lines in Fig. 3. The pump pulse with a TL duration of 50 fs
needs no further stretching in this condition and the pump GDD
is 0. For pump pulses with <50-fs TL duration, as the pump band-
width increases, the required GDD decreases and the correspond-
ing idler bandwidth becomes broader. Therefore the DC-OPA
system pumped by a TL-10-fs pulse is capable of producing the lar-
gest idler bandwidth even with a narrower phase-matching
bandwidth.

Moreover, it is also found in Fig. 3 that the potentially largest
idler bandwidth is actually achieved when the pump GDD is
40 fs2, In order to apply this particular pump GDD in the proposed
scheme while maintain high conversion efficiency, the pump band-
width should be broad enough to support a TL duration of ~4.5 fs
to ensure that the stretched pump duration is 50 fs. With state-of-
the-art techniques, near millijoule pulses with even larger band-
width is readily available [50]. The idler bandwidth and gain effi-
ciency can be further improved simultaneously when the pump
pulse with broader bandwidth is employed.

4. Simulation of broadband pumped DC-OPA

In order to further investigate the DC-OPA pumped by broad-
band laser pulse, the parametric processes in various pump band-
widths and pump-seed chirp combinations are compared. Firstly,
we study the condition in which both the pump and seed pulses
are negatively chirped, the results are presented in Fig. 4. Fig. 4
(a) and (b) shows the signal bandwidth and EBP variations with
respect to the stretched pump duration, and Fig. 4(c) and (d) shows
the idler bandwidth and EBP variations, respectively. The black,
blue, red, and yellow dots represent pump TL durations of 10 fs,
20fs, 30 fs, and 50 fs, respectively. Since the signal/idler output
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seed pulses are negatively chirped.

spectra are not perfectly Gaussian-shaped, we employ the full
width at 1/e? maximum (FW1/e? M) bandwidth instead of FWHM
bandwidth to compare the spectra more accurately [53]. When the
pump TL duration is larger than 20 fs, it is shown that the signal
bandwidth is barely affected while the idler bandwidth becomes
narrower as the TL duration of the pump shortens. In Fig. 4
(b) and (d), the signal EBP increases with the pump bandwidth
while the idler EBP decreases. The signal bandwidth and EBP follow
the same trend in the 10-fs-pump case, however, the idler shows
an irregular trend. Both the bandwidth and EBP of the idler reach
the peak when the pump is stretched to 50 fs. As the pump pulse
is further stretched, unlike other cases, the idler bandwidth and
EBP decreases.

For a fixed pump bandwidth, by stretching the pump pulse to a
longer duration with larger GDD, the signal spectrum shows a
trend of getting broadened. This is because the pump duration is
kept longer than the seed duration during the amplification pro-
cess, which significantly reduces the gain narrowing effect. In addi-
tion, the advantage of signal EBP from a broadband pumped
system becomes larger with longer stretched pump duration. Since
the signal bandwidth is not dependent on the pump bandwidth in
Fig. 4(a), the advantage of EBP indicates an enhancement of the
energy conversion efficiency. When the pump pulse is stretched
to 120 fs, the signal EBP in the broadband pump system reaches
6.5 GW, which is 27.5% larger than 5.1 GW in the narrowband
pump system. The corresponding conversion efficiencies are



174 Z. Hong et al./Optics and Laser Technology 98 (2018) 169-177

20.5% (tpo = 10 fs) and 18.3% (tpo = 50 fs), respectively. Despite the
obvious improvement of the signal efficiency, a larger pump band-
width does not favor the idler pulse. The idler bandwidth and EBP
are both degraded in the broadband pump system, and even
though the idler bandwidth increases with larger GDD, the EBP
shows no improvement.

In order to comprehend the unusual trend of the black curves in
Fig. 4(c) and (d), we have simulated the conditions where the TL
duration of the pump pulses are 12 fs, 15 fs, and 18 fs, respectively.
The results are plotted in Fig. 5, in comparison to the TL-10-fs and
TL-20-fs pumped cases. It is observed that the trends of the idler
bandwidth and EBP are non-monotonic, and they all experience a
decrease followed by an increase as the stretched pump duration
raises. This is resulted from the temporal chirps of the initial pump
and seed pulses.

When the temporal chirp of the seed is larger than that of the
pump, the idler is generated with an initial positive chirp. As the
stretched pump duration increases, the pump chirp increases
while the idler chirp decreases. According to the analysis in Sec-
tion 3, a smaller initial idler chirp leads to a narrower bandwidth,
which explains the decrease in the trends. The minimal points of
the curves indicate the condition where the temporal chirps of
the pump and seed pulses are equal. The idler pulse is thus pro-
duced with minimized chirp in these scenarios, resulting in the
least output bandwidth and EBP. As the pump pulse is further
stretched, the temporal chirp of the pump pulse exceeds that of
the seed, and the idler pulse is produced with an initial negative
chirp. Thereafter, further stretching the pump pulse leads to a lar-
ger chirp of the idler pulse, and the output idler bandwidth and
EBP increase correspondingly.

For pump pulses with different TL durations, the spectral band-
width is different. At the minimal point of each curve, the temporal
chirp of all the pump pulses are the same. In this scenario, with a
larger spectral bandwidth (shorter TL duration), the stretched
pulse duration would be longer. Consequently, the pump duration
at each minimal point reveals a clear shift as the TL pump duration
changes.

Experimentally speaking, since the bandwidth broadening
approaches such as multi-plate scheme or gas-filled hollow fiber
usually introduce positive temporal chirp to the pulse, it is more
practical that the pump pulse is stretched with a positive GDD in
the proposed scheme. On the other hand, using positively chirped
pump and negatively chirped seed pulses, the obtained idler pulse
contains a positive chirp, which can be simply compensated by
prisms or chirped mirrors. Therefore, next we investigate the sys-
tem with positively chirped pump and negatively chirped seed,
and the results are depicted in Fig. 6. Similar to Fig. 4(a), the broad-
band pump is not helpful for the signal bandwidth in Fig. 6(a), and
on the contrary to Fig. 4(b), the signal EBP in Fig. 6(b) is decreased
with a larger pump bandwidth. Nevertheless, the broadband pump
is evidently beneficial to the idler pulse when the pump and seed
have opposite chirps. Fig. 6(c) and (d) depicts that a larger pump
bandwidth can increase both the idler bandwidth and EBP. When
the stretched pump duration is 50 fs, the obtained idler spectra
cover the bandwidths of 858 nm and 314 nm from the broadband
and narrowband pump systems, respectively. Meanwhile, the idler
EBPs are 6.9 GW and 4.0 GW, respectively. The 72.6% EBP improve-
ment is mainly originated from the broader output bandwidth and
thereby shorter TL duration.

According to the above results, the most intriguing improve-
ment occurs for the idler when the pump and seed pulses are
oppositely chirped. Next, we focus on the spectral-temporal prop-
erties of different systems where the pump and seed chirps are of
opposite signs, and the results are presented in Fig. 7. Fig. 7(a) plots
the input (dashed line) and output (solid line) spectra of the signal.
Fig. 7(b) shows the idler spectra from systems pumped by pump

pulses with TL durations of 10 fs (black line), 20 fs (blue line),
30fs (red' line), and 50 fs (yellow line), respectively. The TL pulse
durations here are used for indicating the bandwidth of the pumps,
all the pump pulses are actually chirped and stretched to the dura-
tion of 50 fs. The GDDs introduced to the pulses are 90 fs?, 165 fs?,
215 fs?, and 0 fs?, respectively. The stretched pump duration is fixed
to ensure that the conversion efficiencies in all cases are similar. This
way, a broader idler bandwidth would directly lead to a better sys-
tem performance. The employed BBO thickness is 2.5 mm in all
systems.

In addition, the idler spectrum from an unchirped OPA system
(black dashed line) is plotted in Fig. 7(b). The TL pump duration
in the unchirped OPA is 10 fs. Note that the unchirped case is only
investigated here to verify the bandwidth broadening effect of the
dual-chirped geometry. TL pulses have higher peak intensities than
the chirped pulses, the available pump energy is therefore limited
by the damage threshold of the nonlinear crystal. Practically speak-
ing, using chirped pump pulses allows us to employ higher pulse
energy in OPA system, thus achieving a better performance.
Besides, with current bandwidth broadening techniques, broad-
band pump pulses are produced with temporal chirps, and the
recompression requires well-arranged dispersion management,
which adds complexity to the system.

As observed in Fig. 6(a), the output signal bandwidth from dif-
ferent systems are similar when the stretched pump duration is
50 fs, therefore only one signal spectrum is plotted in Fig. 7(a). It
is observed that the signal experiences gain narrowing during the
amplification, resulting in a bandwidth of ~100 nm narrower than
the input seed. However, owing to the oppositely chirped pump
and seed, idler spectrum with much larger bandwidth than signal
is obtained. On one hand, the idler bandwidth broadens with the
pump bandwidth, the idler bandwidth in broadband pumped sys-
tem nearly triples compared to the narrowband pumped system.
On the other hand, the idler from DC-OPA (black solid line in
Fig. 7(b)) has a much broader spectrum than the unchirped OPA
(black dashed line in Fig. 7(b)), which indicates that the dual-
chirped geometry is valid in further improving the idler
bandwidth.

The idler TL durations corresponding to different spectra are
depicted in Fig. 7(c). The TL duration of the idler pulse generated
in 50-fs pump system is 18.5 fs, nearly 3 optical cycles for 1867-
nm pulse. As the pump bandwidth increases, the idler TL duration
decreases. In the broadband pumped system, the idler bandwidth
is nearly tripled, leading to a significantly shortened TL duration
of 8.4 fs, corresponding to ~1.3 optical cycles. The conversion effi-
ciencies for uncompressed idler pulses are 19.1% (TL-10-fs pump),
21.8% (TL-20-fs pump), 22.8% (TL-30-fs pump), and 24.4% (TL-50-fs
pump), respectively. Although the conversion efficiency is slightly
sacrificed, the much shorter TL duration in broadband pump sys-
tem compensates the energy loss and still ensures a markedly
higher EBP.

Furthermore, the proposed scheme is not limited to 1400-nm
signal and 1867-nm idler pulses. After changing the initial pump-
seed delay and BBO crystal angle, the system also works well in
amplifying other non-degenerate central wavelengths. As shown
in Fig. 8(a), the idler spectra obtained from a broadband pump
OPA system varies from 1700 nm to 2050 nm, with over 600-nm
FW1/e? M bandwidth at all central wavelengths. Since there is a
strong absorption for >2200-nm components in BBO crystal, we
have included the absorption ratio during the simulation, which
leads to the intensity drop of the spectra in Fig. 8(a). Fig. 8(b) plots
the conversion efficiencies and TL durations of idler pulses at dif-

! For interpretation of color in ‘Fig. 7', the reader is referred to the web version of
this article.
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ferent central wavelengths, all pulses can be compressed to a TL
duration of <9 fs, corresponding to less than 1.5 optical cycles, with
a conversion efficiency larger than 14%, which reveals the high tun-
ability of the broadband pumped OPA in the non-degenerate spec-
tral range.

Last but not least, it is worth emphasizing that we selected the
pump and seed energy in the above simulations to reveal the basic
principle of the proposed scheme. In previous researches regarding
DC-OPA, one of its biggest advantages is the energy scalability,
which also exists in our proposed scheme. The highest peak inten-
sity of the pump pulse in our investigation is only 15.3 GW/cm?

(300 1, 50fs, 5mm), which is much lower than the damage
threshold of BBO crystal. Therefore, it is reasonable to deduce that
higher pump energy can be employed in the proposed scheme.
Besides, in order to produce few-cycle pulses with higher energy,
the broadband pump and seed pulses can be further stretched to
contain more energy while keep the peak intensity under the dam-
age threshold of nonlinear crystal. As the pump pulse energy
increases, the high conversion efficiency ensures that the broad-
band pump DC-OPA is still capable of generating hundred-
microjoule or even multi-millijoule few-cycle pulses in the infra-
red region. On the other hand, with the currently available pump
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energy, the uncompressed idler energy is over 50 pJ, which makes
it a suitable source for seeding a mid-IR OPCPA with higher pulse
energy.

5. Conclusions

In conclusion, we have proposed and investigated the DC-OPA
scheme pumped by a broadband laser pulse. By broadening the
spectral bandwidth of the pump and chirping both pump and seed
pulses before entering the nonlinear crystal, the system perfor-
mance is remarkably enhanced. The mechanism for the improve-
ment of system performance is analyzed and discussed in detail.
The output idler bandwidth is affected by both the initial wave-
length components within its temporal profile and the phase-
matching efficiency during the amplification. Based on thorough
investigation on the combined influence of these two factors, the
advantages of broadband pump and oppositely dual-chirped
geometry are confirmed.

The broadband pumped DC-OPA scheme is simulated in various
conditions and the results are compared. When the pump and seed
chirps are of opposite signs, the idler benefits most efficiently from
both the broader pump bandwidth and the dual-chirped geometry.
The idler bandwidth is nearly tripled compared to that of the nar-
rowband pump system, which supports a TL duration of 8.4 fs
(~1.3 optical cycles at 1867 nm), meanwhile the pulse EBP is
increased by over 70%. Broadband tunable idler pulses are obtained
by slightly altering the pump-seed delay and crystal angle, sub-
1.5-cycle TL duration and over 14% conversion efficiency can be
achieved simultaneously. The few-cycle tunable pulses from the
proposed scheme makes it also a potential candidate working as
the driving laser source for scaling the XUV photon energy in
high-order harmonic generation (HHG) [54,55]. The maximum
photon energy is improved by 45% if the central wavelength of
driving laser is tuned from 1700 nm to 2100 nm. Moreover, it is
found that the idler bandwidth and EBP can be further improved
with a broader pump bandwidth.

The proposed scheme shows great potential in generating
energy scalable few-cycle pulses and seeding more energetic
OPCPA systems. We believe that the broadband pumped DC-OPA
system will contribute to the development of not only ultrafast
coherent X-ray generation but also strong-field physics researches.
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