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Dual-chirped optical parametric 
amplification of high-energy single-cycle 
laser pulses

Lu Xu    1,2 & Eiji J. Takahashi    1,3 

We demonstrate how a scheme called advanced dual-chirped optical 
parametric amplification (DC-OPA) that employs two kinds of nonlinear 
crystal (BiB3O6 and MgO-doped lithium niobate) can generate high-energy, 
single-cycle mid-infrared laser pulses. In experiments, the advanced DC-OPA 
scheme achieved carrier-to-envelope phase-stable mid-infrared laser pulses 
with a bandwidth of over one octave (1.4–3.1 µm) and an output pulse energy 
of 53 mJ. The pulse duration was compressed to 8.58 fs, which corresponds 
to 1.05 cycles with a central wavelength of 2.44 µm and a peak power of 6 TW. 
To our knowledge, the obtained values for the pulse energy and peak power 
are the highest achieved for optical parametric amplification of single-cycle 
mid-infrared laser pulses. Moreover, owing to the energy scalability of the 
advanced DC-OPA scheme, the prospects of the multi-terawatt sub-cycle 
laser pulses are discussed.

In the past decades, breakthroughs in the generation of high-energy and 
few-cycle infrared (IR) or mid-infrared (MIR) lasers has improved the 
understanding on the interaction of intense lasers with matter, which 
has led to developments in a wide range of fields such as coherent X-ray 
high-order harmonic generation (HHG)1, laser plasma accelerator2, 
time-resolved imaging of molecular structures3, sub-femtosecond-scale 
electron emission4 and wave-packet dynamics in atoms/molecules5. By 
taking advantage of a carrier-to-envelope phase (CEP)-stable ultrafast 
laser pulse, the electron dynamics can be isolated in strong-field inter-
actions, where the duration of the laser pulse is the key parameter that 
determines the characteristics of strong-field processes. Recently, 
high-energy single-cycle or even sub-cycle IR laser pulses have been 
drawing attention in the research field of ultrashort optics. For exam-
ple, research on isolated attosecond pulse (IAP) generation via HHG 
phenomena requires few-cycle laser pulses. According to the ‘cutoff’ 
law of HHG, deduced with a semi-classical three-step model6, the cutoff 
photon energy of a high-order harmonic spectrum extends quadrati-
cally with the wavelength of the driving laser. On the other hand, IAP 
emission, where the electron recombination in the HHG process is 
confined to a half-cycle, requires a sufficiently short pulse duration 

consisting of a few-cycle electric field as well as CEP stability of the driv-
ing pulse. Currently, IAP emission driven by a few-cycle IR laser source 
has been widely demonstrated with the output IAP energy limited to 
the scale of picojoules, particularly in the water-window region7–12. It is 
evident that the most direct and effective way to overcome the severe 
influence of HHG photon flux scaling13 and elevate the output photon 
flux of IAP in the kiloelectronvolt region is to increase the pulse energy 
of the driving IR laser source. Given the above, to substantially scale 
up the photon energy, photon flux and continuum bandwidth for IAP, 
the development of a high-energy, single-cycle, CEP-stable laser source 
with a long wavelength is strongly desirable, not only in attosecond 
science but also in strong-field physics2–5,14,15.

One approach to develop energetic few-cycle IR/MIR laser pulses 
is post-compression16, in which high-average-power laser pulses from a 
conventional amplifier chain are compressed to few cycles via self-phase 
modulation in gases/solids17–25. A gas-filled antiresonant-guiding pho-
tonic crystal fibre26 was used to achieve the least cycle number of 1.35 
cycles at a central wavelength of 3.25 µm but with a pulse energy of 60 µJ. 
A gas-filled hollow-core fibre27 was used to achieve the highest output 
pulse energy of 40 mJ, where the input pulse energy and pulse duration 

1Ultrafast Coherent Soft X-ray Photonics Research Team, RIKEN Center for Advanced Photonics, RIKEN, Wako, Japan. 2Attosecond Science Research 
Team, RIKEN Center for Advanced Photonics, RIKEN, Wako, Japan. 3Extreme Laser Science Laboratory, RIKEN Cluster for Pioneering Research, RIKEN, 
Wako, Japan.  e-mail: ejtak@riken.jp

Received: 13 June 2023

Accepted: 13 October 2023

Published online: 19 December 2023

 Check for updates

http://www.nature.com/naturephotonics
https://doi.org/10.1038/s41566-023-01331-9
http://orcid.org/0009-0000-2232-5744
http://orcid.org/0000-0003-1672-1171
mailto:ejtak@riken.jp
http://crossmark.crossref.org/dialog/?doi=10.1038/s41566-023-01331-9&domain=pdf


Nature Photonics | Volume 18 | January 2024 | 99–106 100

Article https://doi.org/10.1038/s41566-023-01331-9

efficient technique to realize tailored optical waveforms with sub-cycle 
pulse duration48–51. However, the pulse energy scalability is limited by 
the complexity of the laser system, and the highest reported output 
pulse energy is less than a millijoule51. Currently, no method has been 
demonstrated that can directly amplify the pulse energy of single-cycle 
or even sub-cycle laser pulses to multiple millijoules.

In this paper, we propose and experimentally demonstrate an 
amplification method called advanced DC-OPA scheme to overcome the 
bottleneck of pulse energy scalability in a single-cycle IR/MIR laser sys-
tem. Based on the advanced DC-OPA scheme and the 10 Hz joule-class 
Ti:sapphire pump laser, where BiB3O6 (BiBO) and MgO-doped lithium 
niobate (MgO:LiNbO3) nonlinear crystals are combined in each stage 
of parametric amplifiers, over-one-octave-bandwidth MIR pulses are 
amplified with the pulse energy of 53 mJ centred at 2.44 µm. After pulse 
compression using a sapphire bulk, the temporal pulse duration is 
down to 8.58 fs, which corresponds to 1.05 cycles at 2.44 µm. Besides 
that, the measured shot-to-shot stability in the single-shot CEP value 
is 228 mrad (root mean squared (r.m.s.)), and the evaluated M2 values 
of the focused beams in the horizontal and vertical directions are 1.24 
and 1.29, respectively. Finally, we discuss the possibility to demon-
strate the next-generation DC-OPA, which is a high-energy, sub-cycle, 
CEP-stable MIR laser source, as the future prospect of the advanced 
DC-OPA scheme.

Advanced DC-OPA
We previously demonstrated a DC-OPA scheme using BiBO crystals 
with a bandwidth of 1.2–2.2 µm that achieved a pulse duration of 
sub-two cycles and peak power of multiple terawatts47. In this study, 
we extended the DC-OPA scheme to realize an amplified bandwidth 
of over one octave. However, we first need to discuss the amplified 
bandwidth of the DC-OPA with a single nonlinear crystal. Figure 1a 
plots the phase-matching (PM) efficiency (that is, sinc2(∆kL/2)) as a 
function of pump and seed laser wavelengths, where ∆k is the phase 
mismatch, L is the nonlinear crystal length (set to 5 mm here) and 
the pump laser pulses have a fixed spectral range of 0.75–0.85 µm 

were 70 mJ and 230 fs, respectively. However, the output temporal 
duration was 25 fs at 1 µm, which was not sufficient for few-cycle laser 
pulses. Currently, to obtain a high pulse energy with pulse duration 
of few-cycle (or fewer) laser pulses, the cascaded post-compression 
scheme was demonstrated28, with a pulse energy of 0.98 mJ and pulse 
duration of 3.1 fs (1.05 cycles at 885 nm), which resulted in a peak 
power of 315 GW. The critical power of self-focusing was deduced29, 
which was a limit to ensure that the beam does not collapse during 
self-phase modulation, yielding a rough estimation of power scaling 
with post-compression. For example, helium is commonly employed 
for high-energy post-compression with a gas pressure of ~1 atm. Tak-
ing the wavelength of 2 µm as an example, the critical power would be 
approximately 2 TW, which indicates that by using post-compression, 
in principle, it is difficult to achieve a peak power beyond multiple ter-
awatts with a few-cycle pulse duration. In actual experiments, the beam 
quality is also a key parameter to realize the stable propagation of laser 
pulses via self-phase modulation. In particular, post-compression is not 
an amplification method for laser pulses. Therefore, it is not an ideal 
scheme to scale up the output energy of a single-cycle pulse.

Optical parametric amplification (OPA) is another approach that 
can generate/amplify a few-cycle IR/MIR laser pulse with wide fre-
quency tunability30–35. A straightforward OPA scheme was employed30 
and a pulse duration of sub-two cycles centred at 1.6 µm with a pulse 
energy of 3 µJ was reported. However, the damage threshold of nonlin-
ear crystals limits the energy scalability of OPA at larger pulse energies. 
Various schemes have been proposed to circumvent the damage to non-
linear crystals due to a high-energy pump laser, such as optical paramet-
ric chirped-pulse amplification (OPCPA)36–40, frequency-domain OPA41 
and dual-chirped optical parametric amplification (DC-OPA)42–47. How-
ever, even though DC-OPA has been used to extend the pulse energy 
of IR/MIR laser pulses to tens or even hundreds of millijoules47, the 
shortest output pulse duration is still limited to sub-two cycles because 
of the gain bandwidth limit of a single nonlinear crystal. Parallel wave-
form synthesis with OPA, which coherently combines CEP-stable laser 
pulses emerging from different OPA chains, has been considered as an 
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Fig. 1 | Calculated PM efficiency as a function of pump and seed laser 
wavelengths and the temporal overlap between the pump and seed laser 
pulses. a, PM efficiencies of a type-I BiBO crystal and type-I MgO:LiNbO3 
crystal, where the black dashed and solid lines (slopes ∆λpump/∆λseed of 0.053 
by linear fitting) represent the wavelengths of the chirped seed laser pulse 
and corresponding pump laser pulse for the BiBO and MgO:LiNbO3 crystals, 
respectively. b, Temporal overlap between the pump and seed laser pulses 
corresponding to the chirp matching in a. The left and right axes represent the 
wavelengths and normalized peak powers, respectively, corresponding to each 

moment in the time domain (bottom axis). The red-shaded region represents the 
intensity profile (right axis) of the chirped seed laser pulse in the time domain, 
and the red curve shows the change in wavelength (left axis) of the chirped seed 
laser pulse in the time domain. The black curves show the intensity profile (right 
axis) and change in wavelength (left axis) of the chirped pump laser pulse in the 
time domain to realize the chirp-matching condition in the MgO:LiNbO3 crystal 
shown in a. The blue curves show the intensity profile (right axis) and change in 
wavelength (left axis) of the chirped pump laser in the time domain to realize the 
chirp-matching condition in the BiBO crystal shown in a.
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corresponding to a typical chirped-pulse-amplification Ti:sapphire 
laser. The colour contours represent the PM efficiency relying on 
the combination of a type-I BiBO and type-I MgO:LiNbO3 crystal 
(see the ‘Nonlinear crystals’ section). In the DC-OPA scheme, the 
amplified bandwidth is determined by the characteristics of the 
nonlinear crystals. Figure 1a indicates that MgO:LiNbO3 may be 
able to realize an amplified bandwidth of one octave (1.6–3.2 µm) 
under the linear chirped configuration. However, this ideal case is 
not easy to realize because the chirp configuration of the seed laser 
pulse in the experimental setup cannot be as linear as that of the 
pump laser pulse. In the advanced DC-OPA scheme, we smoothly 
connect the PM regions (Fig. 1a, colour contours) and optimize 
the chirp matching (see the ‘Chirp matching’ section) between 
the pump and seed laser pulses to achieve an amplified bandwidth 
of over one octave by the combination of two kinds of nonlinear 
crystal in parametric amplification. Considering the transmittance 
and gain bandwidth of commonly used nonlinear crystals, the BiBO 
and MgO:LiNbO3 crystals have been finally chosen as the nonlinear 
medium for the amplification of an MIR laser source based on the 
advanced DC-OPA scheme.

Experimental setup
Figure 2 illustrates the experimental setup of a high-energy, 
single-cycle CEP-stable MIR laser system based on the proposed 
advanced DC-OPA scheme. Compared with the previously reported 
system47, we made several major upgrades to obtain high-energy 
single-cycle MIR laser pulses. Specifically, (1) the Ti:sapphire pulses 
with a total pulse energy of 750 mJ and pulse duration of ∼5.7 ps 
(full width at 10−3, nearly linear negative chirp) were applied as 
the pump for the advanced DC-OPA. (2) The passively CEP-stable, 
over-one-octave MIR (1.4–3.1 µm) seed laser pulses were generated via 
difference-frequency generation (DFG) in a type-II BiBO crystal (see 
the ‘Nonlinear crystals’ section), whose spectrum is shown in Fig. 3  
(black-filled profile). After stretching in the acousto-optic program-
mable dispersive filter (AOPDF; DAZZLER/HR45-1450-3000), the MIR 
seed laser pulses, with a dispersion predominantly given as the inverse 
of the sapphire bulk compressor and pulse duration of ∼4.7 ps (full 
width at 10−3), were produced as the seed for the advanced DC-OPA. (3) 
There was one pre-amplification stage using the MgO:LiNbO3 crystal 
and three amplification stages combining two kinds of nonlinear 

crystal (that is, BiBO and MgO:LiNbO3) in the advanced DC-OPA (see 
the ‘Nonlinear crystals’ section). We employed the pre-amplification 
stage to compensate for absorption by the BiBO crystals in the sub-
sequent amplifiers of wavelengths longer than 2.4 µm and the dif-
ference in quantum efficiency of different wavelengths during the 
parametric amplification process. In contrast to the pre-amplifier, 
each of the three subsequent amplifiers contained a BiBO crystal 
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Fig. 3 | Evolution of the laser spectrum.  Input seed spectrum for advanced 
DC-OPA (black solid line with filling), output of the pre-amplifier based on 
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output of the third amplifier based on BiBO and MgO:LiNbO3 (pink solid line 
with filling and red solid line with filling for the central wavelength of 2.05 and 
2.44 µm, respectively).
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and a MgO:LiNbO3 crystal, and the BiBO crystal was in front of the 
MgO:LiNbO3 crystal to reduce the effect of absorption by BiBO on 
the final output pulse energy. (4) The focusing geometry is employed 
for the interacting laser pulses in both pre-amplifier and first-stage 
amplifier. The nonlinear crystals were placed in the overlap of the 
Rayleigh lengths for the pump and seed beams to maintain a good 
PM condition between the pump and seed lasers. In the second and 
third amplifiers, both pump and seed laser pulses were collimated. 
Supplementary Table 1 lists the parameters used in each amplification 
stage and the output performance of each amplifier.

Experimental results
By adjusting the non-collinear angle and time delay between the pump 
and seed introduced in each nonlinear crystal, the combination of the 
pre-amplifier (MgO:LiNbO3) and first amplifier (BiBO and MgO:LiNbO3) 
realized a relatively balanced amplification of the full spectrum at  
1.4–3.1 µm (Fig. 3, orange-filled profile). In the second amplifier stage, 
the MgO:LiNbO3 crystal was thicker than the BiBO crystal and was sub-
jected to a higher pump power intensity, so the central wavelength of 
the amplified spectrum after the second stage was shifted towards the 
longer-wavelength band (Fig. 3, green-filled profile). It is worth noting 
that a higher pump power intensity was applied to the MgO:LiNbO3 crystal 
than that to the BiBO crystal in the last amplifier (Supplementary Table 1, 
3rd stage_2); the MIR laser system obtained a final output pulse energy of 

53 mJ with a total conversion efficiency from the pump laser to seed laser 
of 7%. To consider the number of cycles in a pulse envelope, we applied 
the centre-of-gravity concept, which has been recognized to determine 
the carrier wavelength (that is, the central wavelength) of laser pulses50, to 
define the central wavelength of the spectrum. According to this concept, 
the central wavelength of the output spectrum (Fig. 3, red-filled profile) 
after the final amplifier stage was 2.44 µm. Owing to these optimizations, 
an over-one-octave (1.4–3.1 µm) output bandwidth with a pulse energy 
of >50 mJ was attained based on the advanced DC-OPA scheme.

Moreover, when the pump laser energies allocated to the two 
crystals in the last amplifier were exchanged, that is, a higher pump 
laser energy was applied to the BiBO crystal (Supplementary Table 1, 
3rd stage_1), the amplification energy of the final stage was increased 
to 61 mJ, but the central wavelength shifted to 2.05 µm (Fig. 3, pink- 
filled profile), which was because a higher gain was achieved in the 
short-wavelength region than in the long-wavelength region with this 
pump arrangement. This demonstrated another advantage of the 
advanced DC-OPA scheme: the tunability of the central wavelength.

After the amplification, a 40-mm-long sapphire bulk compressor 
was employed to temporally compress the MIR laser pulses with the 
diameter of the beam expanded to 60 mm (the calculated B-integral 
was 0.11). To characterize the temporal duration of the compressed 
pulses with an over-one-octave bandwidth, third-order harmonic gen-
eration frequency-resolved optical gating (THG-FROG) was adopted 
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for the MIR laser pulses (see the ‘Pulse duration’ section). To fully com-
press the MIR laser pulses, the dispersion loaded in the AOPDF should 
be strictly optimized. Thus, the spectral phases of the measured laser 
pulses, which were retrieved from the THG-FROG traces, were fed back 
to the AOPDF for the modification of dispersion compensation. After 
several iterations to correct the preset spectral phase in the AOPDF, the 
fully compressed MIR laser pulses with a central wavelength of 2.44 µm 
were obtained with a nearly flat spectral phase (Fig. 4). The spectral 
intensity and spectral phase, which were retrieved from the measured 
THG-FROG traces (Fig. 4a), were demonstrated by the red solid line 
and black dashed line, respectively (Fig. 4d). The coincidence of the 
reconstructed spectrum (red solid line) and measured spectrum (black 
solid line) in terms of the range and trend of the wavelengths (Fig. 4d) 
further proved that complete compression with a full bandwidth was 
achieved. The corresponding temporal pulse profiles of the retrieved 
pulses with a pulse duration of 8.58 fs (full-width at half-maximum) and 
transform-limited (TL) pulse duration of 8.22 fs are illustrated in Fig. 4c,  
which correspond to a 1.05-cycle duration of the electric field at a 
central wavelength of 2.44 µm and result in a peak power of 6 TW. In 
addition, the output MIR laser pulses with a pulse energy of 61 mJ and 
central wavelength of 2.05 µm were also measured via THG-FROG, in 
which the temporal pulse profiles with a pulse duration of 8.75 fs and a 
TL pulse duration of 8.18 fs were achieved. This indicated that the MIR 
laser pulses had a pulse duration of 1.28 cycles and peak power of 7 TW.

Subsequently, a home-built single-shot f-to-2f interferometer 
was implemented after the sapphire bulk compressor to character-
ize the CEP stability of the MIR laser pulse. The time evolution of the 
f-to-2f interference fringes, which were in the wavelength region of 
1.45–1.48 µm, is shown in Fig. 5a. The CEP values extracted from the 
spectrogram (Fig. 5a), which included 1,800 consecutive records with 
single-shot CEP, are demonstrated in Fig. 5b with an r.m.s. value of 
228 mrad for 3 min.

Meanwhile, the quality of the focus beam profile is one of the great 
concerns in the strong-field experiments. The measured beam profile 
with a diameter of ∼410 µm (full width at e–2) on the focus plane is shown 
in Fig. 5c (inset). Concurrently, the diameter evolutions of the focusing 

beam profile up to two times the Rayleigh length across the focal point 
are recorded in the horizontal (Fig. 5c, black circles) and vertical (Fig. 5c, 
red squares) directions, respectively. The obtained M2 values (defined 
at the central wavelength of 2.44 µm) of the focus beam profile were 
1.24 and 1.29 in the horizontal and vertical directions, respectively.

Prospects and conclusion
Owing to the various types and numbers of nonlinear crystal combined 
in the advanced DC-OPA scheme, one of the obvious advantages is its 
excellent energy scalability. Specifically, (1) in this paper, since the 
Ti:sapphire laser was used as the pump of the advanced DC-OPA scheme, 
the optimal combination scheme of BiBO and MgO:LiNbO3 crystals was 
finally adopted. For pump lasers with other wavelength regions, similar 
crystal combination methods (crystal types are not limited to BiBO and 
MgO:LiNbO3) can be used to achieve ultrabroadband parametric amplifi-
cation. (2) In this study, we used a two-crystal combination mode, which 
was mainly limited by the bandwidth of the AOPDF and total pump laser 
energy in the experiment. In particular, based on a wider-bandwidth 
dispersion control device and higher total pump energy, a combina-
tion of multiple crystals can be used to achieve a broader-bandwidth 
parametric amplification and obtain a sub-cycle pulse duration. As 
future prospects, we discuss the advanced DC-OPA scheme to amplify 
the sub-cycle MIR laser pulses based on the experimental results of a 
single-cycle pulse, where the longest wavelength of the amplified MIR 
laser has reached the limitation of transmission in BiBO as 3.4 µm.

Regarding the PM efficiency (Fig. 6a), the seed laser pulses within 
the wavelength range of 1.2–3.4 µm can be successfully amplified based 
on the advanced DC-OPA scheme. To maintain amplification with a 
broad bandwidth of nearly two octaves, the dispersion management 
of the pump and seed laser pulses is extremely critical. Chirp matching 
(Methods) indicates that the MIR laser pulses with a bandwidth of 1.8 
octaves are fully amplified by the advanced DC-OPA scheme. Com-
pared with the single-cycle experiments, the designed amplifier has 
the following differences. (1) Two MgO:LiNbO3 crystals are used in the 
pre-amplification stage to compensate for the difference in subsequent 
absorption loss and quantum efficiency. (2) There are three crystals (Bi
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evaluated M2 values for the x and y axes by fitting each measured diameter were 
1.24 (black solid line) and 1.29 (red solid line), respectively. The corresponding 
beam profile at the focal point is shown in the inset.
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BO + MgO:LiNbO3 + MgO:LiNbO3) in each amplification stage to ensure 
an effective amplification of the full bandwidth. Based on the numerical 
simulation model46 and Ti:sapphire pump laser pulses with a total pulse 
energy of over 1 J, the calculated final output spectrum and correspond-
ing TL pulse duration are shown in Fig. 6c,d, respectively. The simulated 
output pulse energy reached 65 mJ with a total conversion efficiency 
of approximately 6.5%. This indicated that the MIR laser pulses with a 
bandwidth of 1.8 octaves were fully amplified by the advanced DC-OPA 
scheme, which supported the TL pulse duration (6.2 fs) of 0.75 cycles at 
2.47 µm. In addition, the advanced DC-OPA scheme can be expanded in 
the case of Yb laser pumping. The current Yb thin-disc technology can 
provide a few hundreds of watts of average power. By broadening the 
bandwidth of the Yb laser via nonlinear interactions52, the Yb laser can 
be employed as a pump laser for the advanced DC-OPA. As a result, an 
over 10 mJ MIR single-cycle pulse with an over kilohertz repetition rate 
will be realized by combining Yb lasers at hundreds of watts and proper 

nonlinear crystals. The advanced DC-OPA scheme for amplifying the 
single-cycle pulse will break not only the pulse energy bottleneck but 
also the average power bottleneck.

To our knowledge, this is the first time that an amplification 
method has been demonstrated for single-cycle laser pulses. Based 
on the optimized experimental setup of the advanced DC-OPA scheme, 
where the combination of type-I BiBO and type-I MgO:LiNbO3 nonlin-
ear crystals was employed in the parametric amplification, an over 
50 mJ, single-cycle (8.58 fs at 2.44 µm), 10 Hz, CEP-stable (228 mrad 
(r.m.s.)) MIR laser source was demonstrated, resulting in a peak power 
of 6 TW. Furthermore, the prospect of a high-energy MIR laser source 
towards sub-cycle pulse duration was discussed by extending the 
combination of nonlinear crystals in the advanced DC-OPA scheme. In 
strong-field physics dealing with the interaction of laser with matter, 
the ‘cycle number of the electric field’ within a pulse envelope plays an 
extremely important role. Especially, the cycle number strongly affects 
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Fig. 6 | Calculated PM efficiency as a function of pump and seed laser 
wavelengths, the temporal overlap between the pump and seed laser pulses, 
simulated final output spectrum and corresponding TL pulse duration. a, 
PM efficiency combining type-I BiBO and type-I MgO:LiNbO3 crystals. The black 
dashed, solid and dotted lines (slopes (∆λpump/∆λseed) of 0.038 by linear fitting) 
represent the wavelengths of the chirped seed laser pulse and the corresponding 
pump laser pulse for the BiBO and MgO:LiNbO3 crystals, respectively.  
b, Temporal overlap between the pump and seed laser pulses corresponding 
to the chirp matching in a. The left and right axes represent the wavelengths 
and normalized peak powers, respectively, corresponding to each moment in 
the time domain (bottom axis). The red-shaded region represents the intensity 
profile (right axis) of the chirped seed laser pulse in the time domain, and the 

red curve shows the change in wavelength (left axis) of the chirped seed laser 
pulse in the time domain. The black curves show the intensity profile (right axis) 
and change in wavelength (left axis) of the chirped pump laser pulse in the time 
domain to realize the chirp-matching condition in the first MgO:LiNbO3 crystal 
shown in a. The grey curves show the intensity profile (right axis) and change 
in wavelength (left axis) of the chirped pump laser pulse in the time domain 
to realize the chirp-matching condition in the second MgO:LiNbO3 crystal 
shown in a. The blue curves show the intensity profile (right axis) and change 
in wavelength (left axis) of the chirped pump laser pulse in the time domain to 
realize the chirp-matching condition in the BiBO crystal shown in  
a. c, Simulated final output spectrum of the designed sub-cycle MIR laser system.  
d, Corresponding TL pulse duration of the spectrum shown in c.
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the continuous range of HHG spectrum. When the cycle numbers of 
the driving laser pulses are 2.0, 1.0 and 0.7 within a Gaussian envelope, 
the corresponding percentages of the continuum region in the HHG 
spectrum are approximately 15%, 50% and 73%, respectively—that is, 
the continuum bandwidth reaches 500 eV at the 1-keV-cutoff photon 
energy pumped by a single-cycle laser pulse. The fewer-cycles MIR laser 
source based on the advanced DC-OPA scheme present the potential 
for the generation of X-rays with a duration of several attoseconds 
(even zeptoseconds), which would offer a breakthrough progress in the 
electron dynamics and correlations. Moreover, owing to the excellent 
energy scalability of this advanced DC-OPA scheme, it is reasonable to 
obtain laser pulses with higher pulse energy and fewer cycle numbers 
of pulse duration based on different crystal combinations and a higher 
pump energy. The expansion of pulse energy can facilitate high-flux 
detection conditions for research in strong-field physics. Meanwhile, 
sub-cycle (even half-cycle) laser pulses can effectively avoid the super-
position of phenomena caused by periodic oscillations of the laser field 
in the laser–matter interaction under strong-field conditions, which 
can make the research results more intuitive and accurate.

Online content
Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information, 
acknowledgements, peer review information; details of author con-
tributions and competing interests; and statements of data and code 
availability are available at https://doi.org/10.1038/s41566-023-01331-9.
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Methods
Chirp matching
To achieve amplification with a broad bandwidth in the advanced 
DC-OPA scheme, the most critical aspect is the chirp management 
of pump and seed laser pulses. Specifically, pump laser pulses, which 
are stretched using grating pairs, have an almost-linear chirp. Mean-
while, seed laser pulses, which are stretched in the AOPDF and then 
compressed in the bulk material, have a nonlinear chirp. Under 
the PM condition, the one-to-one correspondence between the 
seed and pump laser wavelengths in the form of curves is evident  
(Fig. 1a, dashed and solid black lines). These curves are linearly 
fitted to a slope (∆λpump/∆λseed) of 0.053 to intuitively show the 
chirp-matching relationship between the pump and seed laser 
pulses. To fully utilize the pump energy and prevent damage to the 
nonlinear crystal, the laser pulses in the DC-OPA amplifiers need 
to be stretched to the order of several picoseconds in advance. 
Therefore, we employed sapphire bulk with a length of 40 mm as 
a compressor to achieve a compression of several picoseconds.  
As shown in Fig. 1a, the dashed black line exhibits that the chirp 
matching between the seed laser pulse (bottom axis) and corre-
sponding pump laser pulse (left axis) is well within the PM region of 
the BiBO crystal, which indicates broadband parametric amplifica-
tion with a wavelength of 1.4–2.4 µm. When the same chirp-matching 
relationship is shifted to the PM region of the MgO:LiNbO3 crystal 
(Fig. 1a, solid black line), it shows that the overlapping part can 
support parametric amplification with a wavelength of 2.2–3.1 µm. 
For chirped pulses, chirp matching is reflected not only by the cor-
respondence of wavelengths in the frequency domain but also by the 
overlapping positions of the pump and seed laser pulses in the time 
domain. Fig. 1a shows the chirp matching in the frequency domain 
and Fig. 1b shows the same chirp-matching relationship in the time 
domain. In summary, based on the combination of PMs from type-I 
BiBO and type-I MgO:LiNbO3 nonlinear crystals and optimization of 
the temporal overlapping of the pump and seed laser pulses in the 
DC-OPA process, an over-one-octave-bandwidth MIR laser pulse can 
be astoundingly realized. This method, which has the capability to 
amplify the over-one-octave bandwidth, called advanced DC-OPA, 
establishes a solid foundation for the experimental research.

In the designed sub-cycle, the chirp matching between the 
pump and seed laser pulses (Fig. 6a, black dashed line) effectively 
overlaps with the PM region of the BiBO crystal in the wavelength 
range of 1.2–2.4 µm. When the same chirp-matching relation-
ship (∆λpump/∆λseed ≈ 0.038) is applied to the PM regions of the two 
MgO:LiNbO3 crystals, the overlapping areas can effectively support 
parametric amplification in the wavelength bands of 2.2–2.9 µm and 
2.8–3.4 µm, respectively. Correspondingly, temporal overlapping 
between the seed laser pulse and three pump laser pulses is shown 
in Fig. 6b.

Nonlinear crystals
To further broaden the bandwidth of the seed laser, a 1-mm-thick BiBO 
crystal with a cutting angle of 60° for type-II PM in the x–z plane was 
employed in the DFG process for CEP-stable seed generation. The spec-
trum of the pump laser (0.8 µm) was broadened for the DFG process via 
optical filamentation in a 1.6 bar krypton gas cell53, which was followed 
by a band-stop mirror for spectral reshaping54 and a chirped mirror for 
dispersion compensation.

In the advanced DC-OPA module, a non-collinear geometric config-
uration was employed in both type-I BiBO and type-I MgO:LiNbO3 crys-
tals, with PM angles θ of 11.0° and 48.4°, respectively, and non-collinear 
angles α of 1.2° and 1.0°, respectively. In addition, the pre-amplifier and 
three subsequent amplifiers employed type-I MgO:LiNbO3 crystals with 
dimensions of 10 × 10 × t6, 10 × 10 × t6, 10 × 10 × t5 and 20 × 20 × t4 mm3, 
respectively. The three amplifiers also employed type-I BiBO crys-
tals with dimensions of 10 × 10 × t5, 10 × 10 × t4 and 15 × 15 × t4 mm3. 

Note that all the nonlinear crystals employed above are without an 
anti-reflection coating.

In the designed sub-cycle, high-energy MIR laser source, the 
non-collinear geometric configuration was adopted in a combination 
of one BiBO crystal and two MgO:LiNbO3 crystals. The PM angles θ are 
11.0°, 48.0° and 48.5°, which corresponded to non-collinear angles α 
of 0.6°, 0.5° and 2.1°, respectively.

Amplification chain based on the advanced DC-OPA scheme
We included some supporting functions to ensure the output qual-
ity of the MIR laser system. (1) As shown in Fig. 1b, the time delays 
of the pump and seed laser pulses were inconsistent for BiBO and 
MgO:LiNbO3 crystals, so the time delay corresponding to each crystal 
needed to be independently adjusted. (2) To reduce the influence of 
the amplified parametric fluorescence, which particularly emerged 
under a high pump laser intensity, the pump laser pulses were sepa-
rated to pump seven nonlinear crystals in total. (3) Because the beam 
profile of the amplified beam was strongly dependent on that of the 
pump beam, the image of the pump beam was relayed to the surface 
of each nonlinear crystal to maintain a flat-top-like profile for the 
pump beam. (4) We added intensity holes around the wavelengths 
of 1.8 and 2.5 µm to the seed laser spectrum via the AOPDF to avoid 
saturation around these wavelength regions. This greatly reduced 
the influence of spectral phase distortion caused by the reversed 
energy flow in the parametric process on the following compres-
sion work46. We also installed a nitrogen-filled sealed box to cover 
the advanced DC-OPA module to avoid adsorption by water in the 
air, which caused spectral phase distortion in the compression of 
high-energy IR/MIR laser pulses47. Supplementary Table 1 lists the 
parameters used in each amplification stage and the output perfor-
mance of each amplifier.

Pulse duration
After the compression, we characterized the temporal profile of the 
compressed pulses using THG-FROG. Third-harmonic emission is 
produced from the input surface of a SiN plate irradiated by focusing 
the MIR beams using a parabolic mirror with a focal length of 50 mm.

CEP stability
Because the spectral bandwidth of the compressed MIR laser pulses was 
over one octave, the longer-wavelength components of the compressed 
pulses were frequency doubled by a LiIO3 crystal and interfered with 
the shorter-wavelength components through a polarizer to generate 
the interference fringe. The time evolution of the f-to-2f interference 
fringes, which were in the wavelength region of 1.45–1.48 µm, is shown 
in Fig. 5a.

Beam profile
A 0.5 m focusing geometry was used to verify the focusability of the 
output MIR laser beam. In each measurement step, the diameters for 
the beam were calculated by fitting the measured profiles to a Gaussian 
function. The r.m.s. errors of the beam diameters in the fitting process 
are less than 0.03 on the x axis (horizontal direction) and 0.04 on the 
y axis (vertical direction), which provide sufficient accuracy for the 
measurements of beam diameters.

Data availability
Source data are provided with this paper. Additional raw data that support  
the findings of this study are available from the corresponding author 
upon reasonable request.
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