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Lightwave pulse shaping in the picosecond regime has remained unaddressed because it resides beyond
the limits of state-of-the-art techniques, due to either its inherently narrow spectral content or fundamental
speed limitations in electronic devices. The so-called picosecond shaping gap hampers progress in all areas
correlated with time-modulated light-matter interactions, such as photoelectronics, health and medical
technologies, and energy and materials sciences. We report on a novel nonlinear method to simultaneously
frequency-convert and adaptably shape the envelope of light wave packets in the picosecond regime by
balancing spectral engineering and nonlinear conversion in solid-state nonlinear media, without requiring
active devices. We capture computationally the versatility of this methodology across a diverse set of
nonlinear conversion chains and initial conditions. We also provide experimental evidence of this framework
producing picosecond-shaped, ultranarrowband, near-transform-limited light pulses from broadband,
femtosecond input pulses, paving the way toward programmable lightwave shaping at gigahertz-to-
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terahertz frequencies.

Introduction

Controlling the time-domain intensity shape of ultrashort laser
pulses is crucial for various applications in science and technol-
ogy. Advanced intensity-only modulation in the frequency
domain allows for the generation of arbitrary waveforms with
controlled amplitude and phase distributions, opening new pos-
sibilities for applications in microscopy, time-resolved imaging,
laser micromachining, particle acceleration, and attosecond
science [1,2]. Managing the temporal characteristics of ultra-
short laser pulses has been an active area of development since
their inception in the early 1960s. The predominant techniques
that have emerged to address this can be broadly classified as
either spectral or temporal techniques. Spectral methods spe-
cialize in modulating the spectral amplitude and/or phase of
broadband optical pulses, typically in the visible to near-infrared
(NIR) range, using devices such as spatial-light modulators
[3,4] or acousto-optic modulators [5,6] in the Fourier plane of
a dispersive element. The main limitation to utilizing spectral
methods for pulse shaping is having a sufficient bandwidth for
the modulation devices to act upon, resulting in a limitation
on input pulse durations on the order of 100 fs or less. Temporal
techniques directly modulate the temporal amplitude of pulses
most commonly using electro-optic modulators [7,8]. However,
the time resolution with direct temporal shaping is limited by
the electronic response time of the modulation devices, typi-
cally on the order of a nanosecond and above, thus limiting the
application of temporal methods to pulses with similar or lon-
ger durations. As such, the combined applicable temporal regimes
across both methodologies do not include shaping pulses with
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transform-limited (TL) durations spanning from a few to hun-
dreds of picoseconds due to the bandwidth of these pulses being
too narrow for spectral methods and the duration too short for
direct temporal methods.

Achieving efficient control of the spatiotemporal profile of
pulses in this region has numerous and immediate applica-
tions. For example, certain reactions during photosynthesis
have characteristic times on the order of tens of picoseconds
[9], potentially opening the door for artificial photosynthesis
driven by shaped optical pulses with tens of picosecond duration
[10]. The study of photoexcitation and charge carrier dynamics
in semiconductors with complex dynamics on the picosecond
scale can improve optoelectronic devices for faster information
processing [11]. Similarly, new frontiers in ultrafast picosecond-
duration electronics [12] can be opened by patterning of pico-
second-duration pulses driving nanoplasma excitation [13].
Furthermore, x-ray free-electron lasers (XFELs), the brightest
x-ray sources available today, are driven by picosecond-duration
photoexcitation laser where the spatiotemporal profile has a
drastic impact on the space-space of photoelectrons and thus
on the temporal, spatial, and spectral properties of x-ray pulses
[14-16].

Successful shaping efforts in this picosecond shaping gap
have mainly relied upon stretching femtosecond broadband
pulses out to picosecond duration and modulating either the
spectral amplitude [17,18] or spectral phase [19,20]. Once
the broadband pulses are sufficiently dispersed, the temporal
amplitude of the pulse can be roughly approximated by the
spectral amplitude profile, allowing for linear mapping of the
spectral techniques into the temporal domain. Recently, the
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spectral phase transfer technique for temporal pulse shaping
has been successfully demonstrated using 4-wave mixing in
hollow-core fibers [21-23]. Using the nonlinear optical prop-
erties of the fiber enables precise control over the temporal
structure of pulses. The desired phase profile can be effectively
mapped onto the idler pulse generated through the 4-wave
mixing process by injecting a signal pulse with a predefined
spectral phase. This approach opens new possibilities for
high-precision temporal shaping applications, particularly
under high-power regimes. However, its extension to the
picosecond regime remains challenging due to transfer effi-
ciency limitations. The difficulty arises from the complex
interplay of nonlinear effects and phase-matching conditions
required for efficient spectral phase transfer over shorter
pulse durations. Alternatively, a shaped pulse can be gener-
ated by stacking many copies of few-picosecond-duration
pulses with increasing delay and varying amplitude [24].
While these methods are in principle suitable for achieving
temporal intensity shaping in the picosecond regime, they
exhibit unavoidable downsides in the form of residual spec-
tral chirp or intensity fluctuations due to phase errors. As
such, the use of pulses is difficult or impossible in phase-
sensitive or intensity-sensitive applications such as nonlinear
frequency conversion, micromachining [25], and photoexci-
tation [16,26,27] where even 5% deviations from expected
values can have drastically different measurable results.

Here, we present a broadly applicable and versatile frame-
work with experimental evidence for generating tailored tem-
poral envelopes with (near-)TL spectral bandwidths in the
picosecond regime. The baseline operating principle mixes a
pair of broadband pulses that have been oppositely chirped
with tailored second- and third-order spectral dispersion in a
noncollinear sum-frequency generation (SFG) scheme. During
the nonlinear interaction, the resultant SFG pulse is generated
with a duration commensurate with the stretched duration of
the mixed broadband pulses—an intensity envelope that is
roughly equal to the sum of the input pulses’ envelope in the
time domain—and an ultracompressed spectral bandwidth
down to the picometer. The bandwidth reduction and sum-
ming of opposite spectral chirps result in a pulse that has a
remarkably low residual spectral phase noise and fluctuations,
thus overcoming the limitations of any prior art. We extend
beyond this baseline by adding spectral amplitude shaping
onto the mixed input pulses to the SFG in addition to spectral
phase control.

Methods

Nonlinear conversion modeling

The dynamics involved with dispersion-controlled nonlinear
synthesis (DCNS) include laser propagation, dispersion, and
nonlinear conversion in millimeter-scale nonlinear crystals and
are described by the one-dimensional nonlinear Schrodinger
equation [28,29] (1D-NLSE). To model this, we utilized the
symmetrized split-step Fourier method (S-SSFM) [30], which
oscillates between the Fourier conjugate domains of time and
frequency for calculating nonlinear dynamics and dispersion,
respectively, as the numerical method propagates along the
crystal. Propagation along the crystal is handled via the angular
spectrum method in the spatial frequency domain. Applying
the S-SSEM to the 1D-NLSE, the governing equation for our
dynamics is given by

Lemons et al. 2025 | https://doi.org/10.34133/ultrafastscience.0112

A(z+dz, t)=
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where F and F~! represent the forward and reverse Fourier
transforms, respectively; A describes the pulse envelope in time,
t, and space, z; Cpy is the dispersion coeflicient and governs the
linear portion of the equation; and Cy; is the nonlinear coeflicient.
While the linear and nonlinear portions and their effects are
not separable a priori, the error generated in handling their
effects separately is small as long as the numerical step size, dz,
is sufficiently small [29].

Each DCNS scenario was modeled as the interaction between
3 fields, the 2 dispersed input fields and the SFG field, with each
being described individually by their respective 1D-NLSE equa-
tions. The nonlinear conversion and interfield interactions was
handled by the coupled equations for SFG [31],

dA 2id,q00° )
_dzl = klecz LAY AyemiOke (2a)
dA, 2idgo;
T e Ak (2b)

dA; 2id, o]

= hc A, A, etk (2¢0)
3

where d, g is the effective nonlinearity of the crystal media and
Ak is the phase mismatch between the involved fields. Our
implementation of the S-SSFM calculated the full envelope of
the 3 fields in the time and frequency domains, allowing for
explicitly tracking the phase mismatch between each spectral
component of each field with respect to the full spectrum of
the other 2. As such, the monochromatic plane-wave assump-
tions underlying the coupled SFG equations are respected.

Results

Theoretical description

Our framework, which we have coined as dispersion-controlled
nonlinear synthesis [32], builds on the principle behind spectral
compression [33,34] wherein an initial TL broadband—e.g., few-
nanometer-bandwidth and beyond in the optical range—pulse
is split into 2 identical copies. Here, a substantial amount of equal
and opposite second-order dispersion (SOD) is added to the
spectral phase of each copy, and then the 2 are mixed in a noncol-
linear SFG scheme to generate a near-TL picosecond-duration
pulse. During SFG, the efficiency of the process is mediated by
the wave vector mismatch. For 2 pulses with equal and opposite
amounts of spectral chirp, the mismatch can be described by

Ak =k (0, +¢) + ky (0, — @) — k3 (3) 3)

where k; is the wave vector of the frequency components of
each field, w; is the central frequency, and ¢ is the variation
from w; due to spectral chirp. For the special case where the
input fields are copies of one another, @, = w,, and thus, for all
spectral components, (a)l + (p) + (a)l - qo) = 2w, resulting in
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a TL pulse generated at 20, during SFG [35]. DCNS builds on
these principles by adding third-order dispersion (TOD) to the
baseline SOD when modifying the spectral phase and spectral
amplitude shaping before nonlinear conversion. Unlike SOD,
the added per-pulse TOD and spectral filtering are not held to
the equal and opposite requirement like SOD. In theory, the
SOD could also be adjusted individually; however, the nonlin-
ear conversion efficiency is quickly decreased as the SODs of
pulse pair become mismatched [35]. By including these 2 shap-
ing factors for the 2 incident pulses, we add 4 additional degrees
of freedom for shaping the temporal intensity profile of the SFG
pulse, drastically increasing the effective parameter space. For
each pulse, the applied spectral phase is then a combination of
both SOD (¢,) and TOD (¢3), where @, is the primary control
on pulse duration and ¢; controls the final SFG pulse envelope
shape. However, if the applied ¢, is increased to generate a
longer SFG pulse, TOD must also increase to maintain the
desired shape. This relationship is linear, and by defining the
ratio between TOD and SOD, a = @5 / @, the envelope dura-
tion and shape for a given input bandwidth can be described
by ¢, and a.

To generate a narrowband SFG pulse with the desired shape,
there are 2 main considerations when determining the sign and
magnitude of the applied phases. First, to maintain the nar-
rowband generation requirement during SFG, the 2 pulses must
have equal and opposite amounts of ¢,. The magnitude of ¢,

is given by solving
2
e (9222
)
0

for ¢,, where At is the final desired duration and ¢ is the TL
input duration. This equation comes from the electric field for
a TL Gaussian pulse after acquiring a fixed amount of SOD
given by

At =t, 4)

_In24(m—m0)2 ; (w—wo)z 5
E(w) = \/Ae s? P2 (5)

where A is the spectral amplitude. By Fourier transforming this
equation to the time domain and squaring it to obtain the inten-
sity, the relation above relating stretched duration to input
parameters can be extracted [36]. Second, the sign and mag-
nitude of ¢ are allowed to vary based on the desired SFG
temporal envelope shape. Imparting the 2 copies with equal
magnitude and opposite sign @5 results in symmetric profiles
while allowing either sign or magnitude to vary results in asym-
metric ones. While the absolute magnitudes of the imparted
phases are dependent on input bandwidth and desired shaping,
a larger a implies a more substantial degree of shaping and a
greater departure from the input pulse shapes.

In Fig. 1, we showcase a selection of shaping possibilities
with phase-only DCNS to exemplify the capabilities of this
method. For each case, the shown intensity envelopes are after
applying a 0.5-nm super-Gaussian spectral filter centered on
the central frequency of the SFG to quench high-frequency
oscillations inherent to the mixing process (Supplementary
Materials). The 4 scenarios that we present are (a) square-wave,
(b) triangular, (c) double-hump, and (d) linear-ramp intensity
distributions. Each scenario uses an input pulse with different
central wavelength and bandwidth to illustrate the applicability
of DCNS to a wide range of laser systems. Of particular note
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are the triangular and double-hump cases for their direct appli-
cability to high acceleration gradients in plasma wakefield
acceleration [37] and emittance reduction in XFEL facilities,
respectively [15,38]. For the triangular case, the nonsymmetric
shape was achieved by having the same sign and magnitude of
@4 and therefore opposite signed o’s, on the 2 copies of the input.
By having the same sign, the characteristic third-order temporal
tails are aligned on the same side of the main peak. In the shown
example, the pulse starts with a large intensity spike, potentially
useful for driving optical shock waves, but by flipping the sign
of both inputs, the temporal trace can be reversed in time to
resemble a gradual ramp. However, any asymmetry generated
this way also results in a residual phase on the SFG pulse, poten-
tially limiting the use of these pulses to non-phase-sensitive
applications. In the double-hump scenario, the 2 inputs are func-
tionally identical to the square wave with equal and opposite ¢,
and @4 but each has been shifted by 10 ps in time relative to the
other to generate an intensity void. These examples are a small
subset of potentially achievable temporal profiles given the large
parameter ranges of @,, 5, time delay, and input pulse properties
and serve to illustrate the flexibility behind DCNS rather than
limit potential application.

Experimental phase-only DCNS

To experimentally verify DCNS, we generated a near-TL 20-ps
flattop pulse in ultraviolet (UV) from a commercial Yb:KGW
laser system producing 250-fs pulses centered at a wavelength
of 1,024 nm. Full details of this laser system can be found in
Note S1. To generate this temporal pulse profile, the reqzuired
SOD and TOD applied to each pulse are +2.561 ps” and
F0.28 ps’, respectively, corresponding to an @ = —0.11 ps. The
desired temporal intensity profile of the SFG after a 0.5-nm
bandpass filter is shown in Fig. 1B. This shape is similar to a
higher-order super-Gaussian pulse with a flat plateau across
the central region of the pulse with rise and fall times of
approximately 4 ps. These characteristics are highly sought
after for reducing the emittance of photoemission-based free-
electron sources for ultrafast electron microscopy, high-energy
physics, XFELs, and other secondary radiation sources.

Our experimental layout (Fig. 2) is divided into 2 main
areas: spectral phase manipulation and nonlinear conversion.
The phase manipulation portion is responsible for splitting the
NIR input pulse into 2 distinct but equal copies, referred to as
the stretcher and compressor pulses, and applying the equal
and opposite spectral phases. For our input parameters, achiev-
ing a ~ 0.11 with this magnitude of SOD is a nontrivial task
and unachievable within a single dispersive device utilizing
gratings or prisms. We avoid this limitation by combining a
matched grating compressor and stretcher designed to impart
substantially more SOD than desired and the proper amount
of TOD with a chirped volume Bragg grating (CVBG) designed
to compensate for the residual SOD of both devices. After split-
ting the stretcher and compressor, pulses are sent through the
respective single grating devices and then reflected by opposite
ends of the CVBG to realize the +2.561 ps* SOD and F0.28 ps’
TOD. It is important to note that the layout we have chosen for
our experimental demonstration is not the only viable layout
for DCNS as a framework. More sophisticated methods for
manipulating the individual phase of the input pulses could be
conceptualized. Examples of such solutions are distinct syn-
chronized laser systems or pulse arrays, individualized spatial-
light modulators or acousto-optic modulators for the inputs,
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Fig. 1. (A) Conceptual representation of dispersion-controlled nonlinear synthesis (DCNS) where 2 oppositely chirped broadband pulses (phase represented with dashed
lines) are incident on a y, nonlinear media. Two broadband chirped parasitic second-harmonic-generation (SHG) pulses are generated along the same direction as the inputs,
and a narrowband near-transform-limited (near-TL) sum-frequency generation (SFG) pulse is generated at the mid-angle. (B to E) Four potential nonlinear shaping examples
of the narrowband pulse via phase-only DCNS with varying second-order dispersion (SOD) and third-order dispersion (TOD) after a spectral bandpass filter of 0.5 nm. The
temporal intensity profiles of input 1 and input 2 are shown in blue and red, respectively. The chosen shapes are included to demonstrate the flexibility of the method to input
parameters and final result. For more information on input pulse parameters and the applied spectral phase, see Table S1.
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Fig. 2. Experimental layout of phase shaping and nonlinear conversion elements used for generating a flattop in ultraviolet (UV). A single input beam is split via a polarizing
beam splitter (PBS) with equal parts going through the grating stretcher and grating compressor. Each beam is then sent into opposite ends of the chirped volume Bragg
grating (CVBG), reflected internally, and finally overlapped in BBO, for SFG. Temporal overlap in BBO, is achieved through a horizontal retroreflector on a linear delay stage
(At). The SFG beam travels through a cylindrical lens set, and a spectral filter and is then converted to UV in BBO,. BBO, p-barium borate.
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or even mixing pulses from 2 separate amplification systems
from the same master oscillator. Ultimately, manipulation of
SOD, TOD, and spectral filtering on a per-pulse basis is all that
is required for DCNS.

After phase manipulation, the 2 pulses are sent through the
nonlinear conversion chain in which the SFG pulse is gener-
ated, frequency-filtered, and further converted to the fourth
harmonic of the NIR input. Each nonlinear conversion step is
done in a critically phase-matched p-barium borate (BBO)
crystal. In the SFG step, the 2 pulses are made collinear and
horizontally separated and then focused by a single lens onto
a2-mm BBO at an angle of 1.5° to each other. Time overlap is
achieved with a horizontal retroreflecting delay stage in the
compressor beam path. Although both NIR inputs are spatially
Gaussian with no ellipticity, the SFG beam is generated with a
moderate ellipticity due to the crossing angle inside the crystal.
After the residual NIR and parasitic second-harmonic-generation
pulses are discarded, this ellipticity is corrected by passing the
SEG pulse through a cylindrical lens before spectral filtering.
The spectral filter is angle-tuned so that the center wavelength
of the filter is the same as the SFG pulse. While a direct mea-
surement of the SFG pulse’s temporal intensity profile was not
performed in this study, the narrowband characteristics and
flat-phase properties of the SFG pulse ensure the preservation
of its temporal profile through subsequent nonlinear conver-
sion stages. Therefore, the SFG pulse is converted to the fourth
harmonic of the NIR via degenerate collinear second harmonic
generation in a 3-mm BBO where the temporal intensity pro-
file is measured.

The UV temporal profile is measured via third-harmonic
cross-correlation with a 70-fs, 1,035-nm pulse from the oscillator
feeding the main laser amplifier. In Fig. 3A, the initial temporal
profile of the UV from the above setup is shown. While this
profile does demonstrate the sharp rise and fall times that were
seen in the simulation, the flat central region exhibits noticeable
intensity modulations. These modulations originated from an
imperfection in the CVBG that removed a small amount of the
long-wavelength side of the stretcher and compressor pulses.
This loss of information resulted in an unbalanced contribution
of the short wavelengths and thus higher-frequency oscillations
across the temporal profile. To correct this, we inserted a long-
pass filter before the SFG focusing lens to remove a small amount
of the short-wavelength side of the NIR inputs. Once the spec-
trum of the inputs was symmetrized, the resulting UV profile
(Fig. 3B) drastically smoothed across the central region while
maintaining the sharp rise and fall times as desired. Additionally,
peak intensity can be shifted in time (Fig. 3C to F) throughout
the pulse by only varying the relative energy of the 2 input pulses
with respect to one another. In this case, the peak intensity natu-
rally shifts in time toward the more intense input pulse, allowing
for another degree of freedom in shaping the final pulse. From
the baseline flattop shape (Fig. 3B), the rising and falling edge
can be preferentially enhanced in a continuous fashion as shown
in the series (Fig. 3).

Experimental phase and amplitude DCNS shaping
Affecting the UV pulse shape in this way revealed an important
extension of the DCNS process toward arbitrary pulse shaping:

Time (ps)
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Fig. 3. UV temporal intensity profile (A) without infrared (IR) filtering and (B) with IR filtering. IR filtering is used to symmetrize the spectrum of both inputs post-interaction
with the CVBG. (C to F) Once the spectrum is symmetrized, power can be shifted along the UV pulse (black) by adjusting the relative amplitudes of IR inputs 1 (blue) and
2 (red). IR input profiles are simulated from the expected spectral phase after the stretcher/compressor and CVBG.
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programmable spectral amplitude filtering. In Fig. 4, we illus-
trate the potential of applying amplitude masking on top of a
DCNS-shaped pulse. In this example, 2 scenarios of spectral
holes being applied to the pulse with negative SOD before SFG
were investigated: 2 spectral holes each +1.5 nm away from the
central wavelength with widths of 0.5 nm (Fig. 4, left), and a
single spectral hole with a 1-nm width at the central wavelength
of the pulse (Fig. 4, right). Figure 4A and B are simulated results
of applying these 2 filters to the flattop baseline DCNS pulse,
and Fig. 4C and D are experimental demonstrations of the same
spectral filters. In the case of the double hole, the envelope
develops a strong intensity modulation across the central peak
flanked by 2 small pre- and postpulses. For the single spectral
hole, the SFG pulse has a temporal profile with a deep central
valley and sharply rising triangular side lobes. Experimentally,
both cases are well matched in qualitative shape with the double
hole generating the trimodulated central peak with flanking
subpulses and the single spectral hole generating the double-
peaked pulse. While the experimentally generated pulses have
the same qualitative shape, they are slightly longer than the
simulated results. This deviation likely derives from the greater
SOD and « from the matched grating pair than the SOD and
a in simulation.

For both of these cases, intensity is reduced but does not go
to zero at temporal locations corresponding to the location of
the holes within the spectrum. While the SOD applied to these
pulses is substantial, especially when discussing ultrashort
optics, each frequency component still temporally overlaps
with those around it by some amount. As such, there is still
some power within the temporal region from frequency com-
ponents that have not been filtered out. Should the magnitude

of the applied SOD grow, the mapping of spectrum to time
becomes closer to one-to-one and the shaping more precise.
However, this effect is muted by the spatial overlap and lack of
perfect spectral filters in the Fourier plane of the compressor
grating where the spectral filtering is applied. Lastly, like the
baseline flattop scenario, these temporal traces are collected
from the upconverted UV pulse rather than directly after SFG,
indicating that even with spectral shaping, the SFG pulse main-
tains its narrowband, flat-phase nature. An intrinsic limitation
of spectral amplitude shaping is decreasing the input pulse
energy to such a degree that efficient nonlinear conversion in
the SFG stage is no longer possible. However, by combining
this with phase-only DCNS, the degree of potential shaping is
extended beyond what can be achieved in shaping methods
relying solely on amplitude masking for high-energy or high-
average-power applications.

Discussion

We have described and demonstrated DCNS, a new methodol-
ogy that can generate pulses with tailored temporal envelope
shapes in the picosecond range. By utilizing noncollinear SFG
with oppositely chirped inputs, we avoid the pitfalls of previous
methods, such as residual spectral chirp, phase discontinuities,
or unwanted intensity fluctuations, while integrating the spec-
tral phase and amplitude shaping to enable the flexibility of
achievable temporal intensity profiles. As a proof-of-principle
experiment based on this framework, we generated a 20-ps
temporally flattop UV pulse with little intensity fluctuations and
a highly compressed spectral bandwidth from 240-fs 1,024-nm
inputs. Additionally, we demonstrated a potential avenue toward
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Fig. 4. Simulation of direct temporal intensity shaping during DCNS due to spectral amplitude shaping of an input pulse with (A) 2 spectral holes, one on either side of the
central frequency and (B) a single spectral hole at the central frequency. Experimental spectral amplitude shaping for the (C) 2 spectral holes, one on either side of the central
frequency and (D) a single spectral hole at the central frequency.
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adaptive temporal shaping through spectral amplitude modi-
fication of the broadband inputs before nonlinear conversion.
Our experimental implementation of DCNS is only one of many
potential solutions with the most immediate improvements being
found by eliminating the requirement of a CVBG for correcting
large amounts of SOD. Furthermore, as our method is mediated
by nonlinear frequency conversion, it is naturally limited to
applications where the initial spectral region is not the one of
interest. The mediation by nonlinear conversion also places limi-
tations on the amount of stretching that can be achieved.
Although there is nothing in our method intrinsically limiting
the final stretched duration, if the applied phase is too high, then
the pulse intensity will drop to such alevel that SFG can no longer
be obtained. This can be compensated to some extent by tighter
focusing or higher pulse energies up to the point of damage. As
our method uses phase as means for pulse shaping during non-
linear conversion, it is limited by the principles of the underlying
processes. Ultimately, by circumventing the limitations of prior
attempts at bridging the picosecond shaping gap, our method is
readily deployable for a plethora of applications such as pattern-
ing of picosecond-duration pulses driving nanoplasma excita-
tion, enhancement of ultrafast photoelectron sources such as
XFELs, and laser-driven artificial photosynthesis.
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