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Generation and multi-octave shaping of
mid-infrared intense single-cycle pulses
Peter Krogen1, Haim Suchowski2, Houkun Liang1, Noah Flemens3, Kyung-Han Hong1,
Franz X. Kärtner1,4,5 and Jeffrey Moses1,3*
The generation of intense mid-infrared (mid-IR) optical pulses
with customizable shape and spectra spanning a multipleoctave range of vibrational frequencies is an elusive technological
capability. While some recent approaches to mid-IR supercontinuum generation—such as ﬁlamentation, multicolour
four-wave-mixing and optical rectiﬁcation1–8—have successfully
generated broad spectra, no process has been identiﬁed for
achieving complex pulse shaping at the generation step. The adiabatic frequency converter9,10 allows for a one-to-one transfer of
spectral phase through nonlinear frequency conversion over a
larger-than-octave-spanning range and with an overall linear
phase transfer function. Here, we show that we can convert
shaped near-infrared (near-IR) pulses to shaped, energetic,
multi-octave-spanning mid-IR pulses lasting only 1.2 optical
cycles, and extendable to the sub-cycle regime. We expect this
capability to enable a new class of precisely controlled nonlinear
interactions in the mid-IR spectral range, from nonlinear
vibrational spectroscopy to strong light–matter interactions and
single-shot remote sensing.
The mid-IR wavelength regime is of particular importance to
materials science, chemistry, biology and condensed-matter
physics, as it covers the fundamental vibrational absorption bands
of many gaseous molecules, biomolecules and solid-state compounds. In the past decade, the advent of high-pulse-energy and
ultrashort-duration mid-IR sources by nonlinear frequency conversion has ushered in a new range of nonlinear light–matter interactions. High mid-IR peak powers allow for the tracking of the
energy ﬂow dynamics (by, for example, multidimensional spectroscopy11), the coherent control of lattice displacements through
nonlinear phononics12, or precise control of electron wavepacket
dynamics on the timescale of vibrational motion, making it possible
to observe chemical transition states13 and secondary sources of
coherent soft-X-ray light14, for example. In these applications, the
establishment of mid-IR sources that feature not only an extreme
bandwidth, but also an arbitrary control of the pulse shape, will
drive their respective ﬁelds forward. In nonlinear vibrational spectroscopy, 10-fs temporal resolution and high spectral resolution
could be achieved while covering distinct vibrational resonances
across multiple functional groups, but ﬂat spectral phase and multiple pulse sequences precisely controlled in timing and relative
phase (for example, for phase cycling) are necessary15. For strongﬁeld physics, parametric ampliﬁers commonly provide carrierenvelope phase stability16. However, shorter and brighter X-ray
pulses are predicted to be achievable via high-harmonic generation
when the full complex envelope can be tailored17,18, and the

coherent control of a molecular wavepacket requires a precisely
timed interaction19. Further, applications such as single-shot
remote sensing and biological imaging, made possible thanks to
bright and wide-bandwidth sources, could become robust to
changes in the dispersion of the pathway between source and
target through adaptive pre-compensation20,21.
To date, octave-spanning sources of mid-IR light have not
allowed pre-generation pulse shaping in order to customize the
resulting amplitude and phase. This is because many of the most
successful technologies for octave-spanning mid-IR generation
rely on self-phase modulation (for example, supercontinuum generation, ﬁlamentation, soliton compression, and so on), hence the
spectral broadening is inexorably tied to the temporal phase and
amplitude evolution during generation. In these devices, complex
pulse shaping can only be achieved by a post-conversion pulse
shaper, as shaping prior to conversion would upset the desired nonlinear pulse evolution. The same limitation is true of common threewave-mixing sources of mid-IR light such as optical parametric
ampliﬁcation (OPA) and difference frequency generation (DFG),
in which the transfer functions for phase and amplitude are nonlinear in pulse intensity or require a temporally compressed driver
pulse. Moreover, post-conversion shaping based on traditional
pulse shapers such as spatial light modulators inside grating pairs
and acousto-optic programmable dispersive ﬁlters (AOPDF) is a
technically difﬁcult proposition for octave-spanning bandwidths.
And while extreme ultrashort pulse shaping through the modular
control of distinct bands within a pulse synthesizer has become a
reality in recent years22, these devices grow more complex as spectral
width is extended and, in fact, have not yet covered the so-called
‘functional-group’ mid-IR range (corresponding to ∼2.5–7 μm).
Our approach, outlined in Fig. 1a, employs adiabatic difference
frequency generation (ADFG) to produce energetic and octavespanning shaped pulses in the mid-IR. We used adiabatic downconversion of shaped near-IR laser pulses in an aperiodically
poled magnesium-oxide-doped congruent lithium niobate (MgO:
CLN) crystal to produce a single-cycle pulse spanning a range
between 1.8 μm and 4.4 μm at −10 dB from the peak, with a pulse
duration of 11 fs (1.2 optical cycles) and a pulse energy of 1.5 μJ.
Moreover, we demonstrated an unprecedented capability to shape
the mid-IR pulses over their entire bandwidth, achieved by preadjusting the amplitude and phase of the near-IR pulse prior to
conversion with a common sub-octave-bandwidth pulse shaper.
Adiabatic sum- and difference-frequency generation have been
recently investigated for nonlinear wave mixing, and allow for the circumvention of the usual efﬁciency–bandwidth trade-off and
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Figure 1 | Octave-spanning adiabatic frequency conversion (simulation). a, A chirped adiabatic frequency conversion scheme employs the uncompressed
broadband output of a near-IR optical parametric chirped pulse ampliﬁer (OPCPA) mixed with a longer-wavelength picosecond pump pulse in an
aperiodically poled quasi-phase-matching grating, a bulk silicon post-compressor and a frequency-resolved optical gating (FROG) characterization device.
DFG, difference frequency generation. Shaping of the near-IR pulse within the OPCPA with an acousto-optic programmable dispersive ﬁlter (AOPDF) (pulse
shaper) is carried through to the mid-IR pulse thanks to the broadband adiabatic frequency conversion process, which preserves the photon-number spectral
density, and imparts a smooth phase shift. b,c, Power spectra before (b) and after (c) conversion. Since the absolute bandwidth Δω is preserved but the
central frequency ωM = ωN − ωP is reduced, the mid-IR pulse—when compressed—lasts a smaller number of optical cycles compared with the near-IR pulse
by a factor α −1 = ωM /ωN. Therefore, a four-cycle near-IR pulse can generate a one-cycle mid-IR pulse (see electric ﬁeld proﬁles, insets in b and c). d, A 3D
plot of the relative mid-IR and near-IR photon number (NM − NN) (normalized) shows the evolution of the near-IR to mid-IR population inversion versus
propagation length, z, for each signal–idler pair. Grey curves highlight the evolution for several of the component single frequencies. The colour scale encodes
the conversion efﬁciency (NM /(NM + NN)) and uncovers a manifold, zc(ω) (black), across which the conversion occurs rapidly following the evolution
dynamics of adiabatic passage. A 2D projection highlights the sharp transition across the manifold, which occurs close to where phase matching is satisﬁed
for each signal–idler pair and delineates propagation as a near-IR or a mid-IR wave for the purpose of calculating group delay: the linear group delay
accumulated during conversion is the sum of that accumulated as a near-IR wave (z < zc(ω)) and as a mid-IR wave (z > zc(ω)). Pre-compensation of the
group delay using the pulse shaper plus post-compensation in the silicon compressor allows for compression to a single optical cycle. Moreover,
programmable amplitude and phase modulation in the pulse shaper can be used to shape the mid-IR pulse over the full bandwidth.

bandwidth limitations of wave-mixing schemes9. When the high- and
low-frequency waves exchange photons in the presence of a strong
mid-frequency pump wave, the wave-mixing evolution equations are
isomorphic to the linear Schrödinger equation of quantum mechanics,
and the exchange of photons between high and low frequencies follows
SU(2) group symmetry. In this case, a monotonic evolution to full frequency conversion, which also avoids back-conversion, can be achieved
by a nonlinear optical analogue to rapid adiabatic passage23. This is
arranged by slowly sweeping the wavevector mismatch during propagation with a chirped quasi-phase-matching grating. An ultrabroadband adiabatic difference frequency converter can reach full photon
conversion for an octave-spanning set of frequencies10,24, with oneto-one conversion at each frequency occurring sequentially at different
longitudinal positions in the converter as each respective phase-matching condition is satisﬁed (Fig. 1b–d), allowing for amplitude shaping.
Concepts of adiabatic frequency conversion have been shown to be
advantageous in other contexts including second-harmonic generation
(SHG)25, parametric ampliﬁcation26,27 and parametric oscillation28.
In our scheme, a broadband chirped mid-IR wave (with centre
frequency ωM) is produced through the mixing of a narrowband pump

wave (ωP) with a broadband chirped near-IR wave (ωM + ωP). In
this case, the absolute bandwidth (the frequency spread) is transferred from the near-IR wave to the mid-IR wave, which increases
the relative bandwidth (that is, the frequency spread divided
by the mean frequency) by a factor of α = (ωM + ωP)/ωM.
Correspondingly, the transform-limited pulse duration of the
signal is transferred to the mid-IR wave, which means that the compressed pulse duration relative to the period of the central frequency
(expressed in optical cycles) is decreased by the same factor α. The
robustness of the power spectrum transfer is made possible by the
one-to-one (that is, spectrally independent, fully efﬁcient, and
back-conversion free) photon transfer of the adiabatic converter.
Robust transfer of spectral phase from near-IR to mid-IR, and
thus octave-spanning pulse shaping, requires not only a one-toone photon transfer, but also a linear phase transfer function. We
ﬁnd that the frequency-dependent group delay (that is, chirp) of
the near-IR wave at the input of the device is smoothly transferred
to the mid-IR wave at the output, with the addition of a smooth
group delay function originating from the material dispersion of
the adiabatic converter. The group delay accumulated through a
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Figure 2 | Transform-limited pulse compression and octave-spanning pulse shaping. Simulated temporal intensity evolution throughout the system,
illustrating the use of a near-IR pulse shaper to control the spectral phase of the mid-IR pulse. a–c, Pulse proﬁle as a function of time and propagation
distance throughout the experimental set-up, showing electric ﬁeld of a 10-fs near-IR pulse (a), propagating through the dispersive elements of the
experimental set-up and the ADFG stage (intensity proﬁle shown; b), and the generated mid-IR pulse electric ﬁeld (c). In the experimental set-up, the
near-IR pulse is chirped to ∼3 ps duration in the stretcher (consisting of all passive phase-imparting components prior to the ADFG stage including grisms,
nonlinear crystals and the material dispersion of the pulse shaper), and is then shaped by the programmable dispersion of an AOPDF pulse shaper before
being converted to an ∼3-ps mid-IR pulse in the ADFG crystal (adiabatic conversion). The pulse shaper is used to pre-chirp the pulse such that it is
ultimately compressed to its transform-limited duration of 10 fs in the compressor (consisting of 21 mm of bulk silicon). d–f, Same as in a–c but with the
pulse shaper conﬁgured to generate a pulse pair with 5-ps separation, showing that each of the generated pulses is converted to the mid-IR and compressed
to the transform limit.

device of length L follows the relationship (expressed in terms of the
mid-IR frequency, ω; see Supplementary Information for a detailed
analysis), ∂φL(ω)/∂ω – ∂φ0(ω)/∂ω = k′(ω + ωP)zc(ω) + k′(ω)[L – zc(ω)],
where the ﬁrst two terms are, respectively, the ﬁnal and initial
group delays for the pulse that is converted from near-IR to midIR, k′ = ∂k/∂ω is the ﬁrst frequency derivative of the propagation
constant, L is the crystal length, and zc(ω) is the longitudinal coordinate for a speciﬁed frequency at which Δk = k(ω + ωP) – k(ωP) –
k(ω) – 2π/ΛQPM(z) = 0, that is, the location of perfect phase matching.
The latter two terms are the group delay accumulated in the ADFG
device before and after conversion takes place, respectively, and
zc(ω) deﬁnes the boundary between propagation as a near-IR or
mid-IR wave in the conversion device and is a property of the
chirped grating design through the variation of the poling period
ΛQPM(z). To illustrate the use of this relative group delay transfer
in a scheme enabling multi-octave spectral shaping through the
use of a sub-octave near-IR pulse shaper, Fig. 2 presents the simulated temporal evolution from near-IR to mid-IR through the
linear and nonlinear components of the ultrabroadband adiabatic
frequency converter explored experimentally in this work (see
Methods). This includes linear propagation as a near-IR wave
prior to conversion through a pulse stretcher and broadband
pulse shaper, and the ﬁnal linear propagation of the converted
ﬁeld through the pulse compressor, now as a mid-IR wave. In
these examples, a spectral phase and amplitude modulation
applied to the near-IR wave is used to produce a fully compressed
single-cycle mid-IR pulse (Fig. 2a), and a pair of identical singlecycle pulses (Fig. 2b).
To experimentally demonstrate the capabilities of this technique,
we used ADFG to convert the chirped output from a modiﬁed nearIR optical parametric chirped pulse ampliﬁer (OPCPA) to the midIR, and to compress the pulses by tuning the phase with a near-IR
pulse shaper, as shown in Fig. 1. The two-stage 780-nm OPCPA
produces chirped near-IR pulses spanning 0.65–0.85 μm with
30 μJ pulse energy and 2.5 ps pulse duration, which can be shaped
using the AOPDF between the ﬁrst and second ampliﬁcation
stages. The output of the OPCPA is combined with 100 μJ of
pulse energy at 1.05 μm from the OPCPA pump laser and is
down-converted to the mid-IR using a 20-mm adiabatically poled
224

MgO:CLN crystal with poling periods varied in an adiabatic
fashion to give smooth conversion over the full pulse bandwidth
(see Methods). The resulting overall dispersion from this adiabatic
converter is due to the intrinsic material dispersion, as described
above. The generated mid-IR wave, spanning 1.8–4.4 μm, is then
compressed using a bulk silicon compressor and measured using
frequency-resolved optical gating (FROG; see Methods). The compressed pulse has 1.5 μJ energy and 11 fs duration, which is 1.2
optical cycles at the central wavelength of 2.8 μm and is within
15% of its transform-limited duration, as shown in Fig. 3.
Owing to the greater-than-octave spanning nature of the generated mid-IR pulse, the ability to impress a complex chirp through
manipulation of the phase with a conventional near-IR pulse
shaper is of critical importance to its compression. The near-IR
pulse shaper was used to add a complex, non-polynomial phase
(see Methods) to ﬁne-tune the chirp on the mid-IR pulse to
exactly compensate for the dispersion mismatch between compressor, ADFG stage, and other dispersive optics in the system
(Supplementary Information). We note that customizable phase
control makes pulse compression in situ possible, as demonstrated
in this example, because it is possible to compensate for the dispersion of an experimental set-up (for example, chamber
windows, beam splitters, gas through which the pulse propagates,
and so on) that would otherwise be extremely challenging to
remove using traditional pulse-shaping techniques. Furthermore,
the chirped mid-IR output of the ADFG stage represents a fully dispersion-managed front end for an octave-spanning mid-IR OPCPA
system (for example, ref. 29), which with the added implementation
of a carrier-envelope phase stabilization scheme would allow for
precision strong-ﬁeld single-cycle experiments in the mid-IR with
millijoule pulse energies and electric-ﬁeld shaping.
To demonstrate the ability to transfer complicated spectral
amplitudes and phases in this architecture, we chose to impress
the sawtooth spectral phase and sinusoidal spectral amplitude proﬁles needed to generate an interferometrically stable and compressed pulse pair as might be used for the pump sequence of
two-dimensional (2D) Fourier transform spectroscopy, as shown
in Fig. 4. This was achieved by changing the near-IR pulse shaper
amplitude and phase functions—that is, without the need for any
NATURE PHOTONICS | VOL 11 | APRIL 2017 | www.nature.com/naturephotonics
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requires both a one-to-one phase transfer and the absence of an
intensity-dependent phase, which is further evidence of a robust
phase transfer.
In conclusion, we have demonstrated multi-octave shaping of
mid-IR bandwidths based on adiabatic frequency conversion with
chirped pulses. Our study reveals that the phase transfer between
near-IR and mid-IR is smooth, and the conversion device possesses
a linear group delay transfer function allowing for multi-octave
shaping in the mid-IR with a conventional pulse shaper in the
near-IR prior to conversion. Our technique is the ﬁrst to achieve
simultaneously multi-octave-spanning bandwidth, high-energy
pulses, high conversion efﬁciency and complex pulse shaping, and
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Figure 3 | Measurement of a single-cycle mid-IR pulse. a, Measured
SHG-FROG spectrogram. b, Retrieved FROG spectrogram (with marginal
correction applied using the measured spectrum). c, Retrieved pulse as a
function of time (blue, temporal intensity; grey, temporal phase), showing a
10.7-fs full-width at half-maximum (FWHM) pulse duration (1.2 optical
cycles at the central wavelength of 2.8 μm), which is 1.15 times the
transform-limited duration. d, Spectral intensity (red, measured; blue,
retrieved) and retrieved spectral phase (grey). e, Beam proﬁle of collimated
beam. To compress the pulse, the near-IR pulse shaper was used to
pre-chirp the generated mid-IR pulse to exactly compensate for the
dispersion of the compressor, the ADFG stage, and other dispersive optics
in the mid-IR beamline.

additional optics. With this approach we can program a delay and
phase between the pulses (to within the limitations of the programmable pulse shaper), which we envision could be used for phase
cycling and automated control of 2D infrared spectroscopy exceeding an octave-spanning bandwidth. Multi-octave shaping over this
range has not been demonstrated previously using a traditional
pulse shaper. We note that the survival of this pulse shape from
near-IR to mid-IR, possessing a highly modulated temporal intensity proﬁle due to the large chirp and modulated power spectrum,
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30 fs, obtained by impressing a sawtooth phase modulation and sinesquared amplitude modulation to the near-IR spectrum prior to frequency
conversion. a,b, Measured FROG spectrogram (a) and retrieved FROG
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intensity (blue) and retrieved temporal phase (grey). d, Power spectral
density of measured spectrum (red) and retrieved spectrum (blue), and
retrieved spectral phase (grey). The resolution of this pulse shaping
technique is approximately ΔωM = √((αΔωN)2 + (ΔωP)2), where ΔωN is the
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it thus paves the way for a new class of experiments in a wide range
of ﬁelds. We note that the MgO:CLN stage described here can be
scaled to a greater than two octave bandwidth covering 1.2–5 μm,
and that materials such as orientation-patterned semiconductors
offer a route to extending this bandwidth by multiple octaves in
the mid-wave and long-wave IR30. This might potentially lead to
simultaneous shaping over near-, short-wave, mid-wave and longwave IR.

Methods
Methods and any associated references are available in the online
version of the paper.
Received 29 June 2016; accepted 13 February 2017;
published online 20 March 2017
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Methods

Experimental set-up. The experimental apparatus for this demonstration consists of
an OPCPA system, which provides the shaped near-IR seed pulse, the ADFG
conversion stage, the pulse compressor and beam diagnostics.
OPCPA. The modiﬁed 800 nm OPCPA system provides a chirped 0.65–0.85 μm seed
pulse, and is as described in ref. 10 with modiﬁcations made in the dispersion
management to allow for compression of the full mid-IR bandwidth generated
through the ADFG stage, as described below. The OPCPA system is seeded using an
octave-spanning Ti:sapphire oscillator (Thorlabs, Octavius), which generates a
broadband seed signal spanning 0.59–1.2 μm and directly seeds both the pump laser
and OPCPA chain. The pump laser is a home-built neodymium-doped yttrium
lithium ﬂuoride (Nd:YLF) chirped pulse ampliﬁer system and delivers 4-mJ, 12-ps
pulses centred at 1.05 μm at a 1-kHz repetition rate31. A portion of the available pump
power is frequency doubled using lithium triborate (10 mm in length, θ = 90°, φ = 0°)
in a non-critically phase matched conﬁguration to generate pulses at 0.527 μm, which
are then used to pump two parametric ampliﬁers. Before ampliﬁcation the seed pulse
is temporally stretched in a home-built grism stretcher to approximately 2.5 ps across a
bandwidth of 0.65–0.85 μm (group delay dispersion (GDD) = −10,200 fs2 and thirdorder dispersion (TOD) = 7,900 fs3, with the dispersion series centred at 0.78 μm,
which represents an increase relative to the values used in ref. 10 of −6,300 fs2 and
4,800 fs3, respectively). The stretched pulses are then ampliﬁed in a non-collinear
optical parametric ampliﬁer (NOPA) using a β-barium borate (BBO) crystal (type-I
phase matching, 5 mm thick, θ = 24°, non-collinear angle α = 2.4° in a walk-off
compensating geometry) to approximately 10 μJ in energy. The ampliﬁed pulses are
further stretched with an additional grism stage and an AOPDF (Fastlite, Dazzler) to
approximately 3.7 ps (total GDD and total TOD of the stretcher are −9,500 fs2 and
−4,000 fs3, respectively). The pulses are then ampliﬁed in a second NOPA also using a
BBO crystal (2 mm thick, θ = 24°, α = 2.4°) to 30 μJ in energy. A dichroic beam splitter
is used to combine these pulses with approximately 100 μJ of residual 1.05 μm pump
light, and the combined beam is sent to the ADFG crystal as described in the
next section.
ADFG conversion stage and compressor. The ADFG conversion stage is an
aperiodically poled magnesium-oxide-doped congruent lithium niobate (MgO:
CLN) nonlinear crystal (manufactured by HC Photonics), which is designed for
type-0 phase matching to generate the difference frequency between the narrowband
1.05 μm pump light and a broadband near-IR wave at 0.58–0.87 μm to generate a
broadband mid-IR wave at 1.3–5.0 μm. The crystal has a 1-mm by 3-mm aperture,
and a 20-mm length over which the poling periods vary longitudinally as described by
a polynomial function, ΛQPM(z) = (–1.93 × 10–6)z5 + (–3.99 × 10–6)z4 + (7.53 × 10–4)z3 +
(1.51 × 10–2)z 2 + (5.05 × 10–1)z + 8.44, with z expressed in mm and ΛQPM in μm. The
poling periods range from 8.4 μm to 23.8 μm with ΛQPM(z) chosen to keep the
adiabatic conversion rate as uniform as possible for all pairs of near-IR and mid-IR
photons. The crystal was heated to 100 °C to avoid photorefractive damage. The
near-IR beam was loosely focused in the crystal to a beam waist of approximately
0.5 mm. For this demonstration, a collimated pump beam with a 1/e2 diameter of
1.0 mm and an intensity of approximately 5 GW cm–2 was used, which resulted in
an approximately 50% depletion of the near-IR pulse and avoided parasitic wavemixing processes observed at higher pump intensities. The residual pump light was
separated from the mid-IR wave by reﬂecting the combined beam on a mirror
consisting of an indium tin oxide coating on a glass substrate, which has an 85%
reﬂectivity beyond ∼1.2 μm but high transmission at the pump wavelength. The
collected mid-IR pulse was then collimated by a 250-mm focal-length silver concave
mirror and dechirped in a compressor consisting of a 20-mm-thick block of silicon
that was anti-reﬂection coated for the 2–6-μm wavelength range and a 1,650-nm
long-pass ﬁlter (Edmunds, 68-652) that was fabricated on a 1-mm thick silicon
substrate. We note that the residual pump light was further ﬁltered by the silicon
compressor, which is highly absorbing at the pump wavelength. Care was taken to
ensure that the intensity in the silicon compressor was sufﬁciently low that no
appreciable nonlinear phase was accumulated. To avoid issues relating to
atmospheric absorption, in particular the strong CO2 absorption lines at 4.2 μm, the
ADFG crystal and all downstream optics were placed in an air-tight enclosure and
purged with dry N2.
The near-IR pulse shaper was used to ﬁne tune the spectral phase of the
generated mid-IR pulse, so that the mid-IR pulse had a ﬂat spectral phase at the SHG
crystal in the FROG diagnostic (described below). The applied phase function for
the full bandwidth of the pulse was a non-polynomial phase determined by
independently compressing three overlapping spectral bands (1.8–2.7 μm,
2.1–4.1 μm and 3.5–4.4 μm), and then stitching the required spectral phase
functions together to allow compression of the full pulse bandwidth (1.8–4.4 μm).
To determine the correct phase function for compressing each individual band, a
fourth-order polynomial phase was experimentally determined by iteratively
applying a spectral phase using the pulse shaper and measuring the residual phase
variation using FROG. The three individual phase functions were stitched together
with care taken to ensure that the resulting full-bandwidth phase function was
continuous and smooth up to its second derivative.
The photon conversion efﬁciency from near-IR to mid-IR in this demonstration
was calculated to be 30% by comparing the near-IR pulse energy to the generated

mid-IR pulse energy, and accounting for the losses in the system due to the beam
separation and combination optics and the uncoated MgO:CLN crystal surfaces. We
observed two parasitic conversion effects at high pump intensity that required us to
work at a lower intensity and resulted in the 30% photon-number conversion, less
than the >90% photon number conversion efﬁciency achieved in refs 10 and 24.
First, under the experimental conditions we observed some conversion of near-IR
photons to the ultraviolet by the pump before being converted to the mid-IR.
Second, at still higher intensities we also observed parasitic conversion of mid-IR
photons to other frequencies. We believe a suitable revision of the grating design
may be performed to reduce parasitic conversion processes and allow near-100%
photon number conversion of the full 30 μJ signal pulse energy. This is a current area
of investigation.
Mid-IR diagnostics. The generated mid-IR wave was fully characterized using a
variety of tools. The beam proﬁle (Fig. 3) was measured using a pyroelectric camera
(Spiricon, Pyrocam III). The energy was measured using a pyrometer (Molectron,
J3-05) and was found to be 1.5 μJ after the compressor. The spectrum of the mid-IR
idler was measured using a scanning grating monochromator (Horiba, MicroHR)
using a cooled PbSe detector (Horiba) and lock-in ampliﬁer (Stanford Research
Systems SR830) locked to the 1-kHz laser repetition rate for detection. The spectrum
and power of the near-IR beams were measured using a grating spectrometer (Ocean
Optics, USB2000) and thermopile power meter (Melles Griot, 13PEM001),
respectively. The temporal proﬁle of the mid-IR pulse was characterized using FROG
in a home-built autocorrelator. Non-collinear SHG in a 30-μm-thick GaSe crystal
(Eskma, GaSe-30H) was used as the nonlinear medium for FROG, and a grating
spectrometer using an extended InGaAs linear array detector (Ocean Optics,
NIR256) was used for the frequency resolved detector, with a 10-ms integration
time. The retrieval was done using the code written by J. Wong (and provided
through the Trebino group), which implements the method of generalized
projections32. For characterization of the double pulses, which required precise
resolution of the discontinuities in the sawtooth phase proﬁle, accurate
reconstruction of the double pulse temporal proﬁle was limited to intrapulse delays
≤30 fs. This was due to the coarse optical resolution of the spectrometer (∼20 nm),
which provided too wide a spectral sampling interval to resolve the spectral phase
modulation corresponding to longer delays. For future measurements, a ﬁnerresolution spectrometer will be necessary to avoid artefacts when investigating
intrapulse delays >30 fs. Nevertheless, we were able to verify the durations and equal
amplitudes of double pulses with up to 100-fs intrapulse delay through use of a
background-free autocorrelation. As is the case for SHG-FROG, the retrieved
direction of the pulse in time is ambiguous. All of the spectrometers were calibrated
against a black-body radiator (Electro Optical Industries, WS133) at 1,280 K.
Numerical model. To model the temporal evolution of the mixing pulses throughout
the adiabatic converter, we used a nonlinear propagation simulator based on the
Fourier split-step method for solution of the coupled partial differential equations
describing three-wave mixing in a dispersive medium with quadratic nonlinear
susceptibility under the slowly varying envelope approximation. The numerical
solver performed a (1 + 1)-D (longitudinal + temporal) simulation of the pulse using
a temporal grid size of 218 points and approximately 20,000 spatial steps, with pulses
propagated in a retarded frame moving at the group velocity of the pump beam. For
the linear step, the dispersion of the material is calculated directly from the Sellmeier
coefﬁcients, as given in ref. 33. In the nonlinear step, the nonlinear polarization ﬁelds
describing sum- and difference-frequency generation by mixing of near-IR, mid-IR
and pump waves were numerically integrated using a fourth-order Runge–Kutta
algorithm, with the sign of the effective nonlinear coefﬁcient ﬂipped twice per
ferroelectric domain poling period, ΛQPM(z), assuming a 50% duty-cycle with square
edges. The ∼1 μm longitudinal step size ensured adequate sampling of the quasiphase-matching domains, which ranged from 4 to 12 μm throughout the crystal, as
conﬁrmed by negligible differences in the results when using smaller step sizes. The
magnitude of the effective nonlinear coefﬁcient deff was assumed to be 21.5 pm V–1.
Degenerate wave mixing (that is, SHG and spontaneous down-conversion) and all
higher-order nonlinear processes (cubic and above) were ignored. Linear absorption
in the MgO:CLN crystal was included, using the absorption data published in ref. 34.
Data availability. The data that support the plots within this paper and other ﬁndings
of this study are available from the corresponding author upon reasonable request.
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