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High-intensity pulse-beams are ubiquitous in scientific investigations and industrial applications ranging from the
generation of secondary radiation sources (e.g., high harmonic generation, electrons) to material processing (e.g.,

micromachining, laser-eye surgery). Crucially, pulse-beams can only be controlled to the degree to which they are
characterized, necessitating sophisticated measurement techniques. We present a reference-free, full-field, single-shot
spatiospectral measurement technique called broadband single-shot ptychography (BBSSP). BBSSP provides the
complex wavefront for each spectral and polarization component in an ultrafast pulse-beam and should be applicable
across the electromagnetic spectrum. BBSSP will dramatically improve the application and mitigation of spatiospectral
pulse-beam structure. © 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement
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1. INTRODUCTION

Reaching the highest possible laser intensities requires tight focus-
ing in both space and time. Spatiotemporally focused, ultrafast
laser pulse-beams deliver extreme intensities that are used for high
harmonic generation [1-4], electron acceleration (e.g., wakefield,
pondermotive) [5-7], filamentation [8-10], micromachining
[11,12], and other practical and scientific applications. Higher
pulse-beam intensities would enable investigation of extreme
physical phenomena, e.g., the Schwinger limit [13]. For pulse-
beams of fixed energy, maximizing focal intensity requires a
carefully tailored pulse-beam structure. Aside from maximizing
intensity, pulse-beam structures can also be engineered for vari-
ous applications (simultaneous spatial and temporal focusing
(SSTEF), stimulated emission depletion microscopy (STED), and
micromachining) [11,12,14-18]. Crucially, these can only be con-
trolled to the degree to which they are characterized, necessitating
sophisticated pulse-beam measurement techniques.

Measuring ultrafast laser pulse-beams has been a challenge
since their discovery [19,20]. Conventional pulse measurement
techniques, like frequency resolved optical gating measure tem-
poral profiles at one position in space, are averaged over the beam
profile, or they assume a uniform temporal profile across the
beam’s spatial profile [21-23]. Similarly, conventional beam or
wavefront measurement techniques like Shack—Hartmann wave-
front sensors measure temporally averaged spatial profiles and
provide no information about the temporal profile [24]. The ideal
pulse-beam measurement technique would provide the spatially
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resolved temporal profile for each polarization component in the
pulse-beam electric field, i.e., spatiotemporal characterization
of E(x,y,zt)=E(r,t) [25-27] (bold symbols represent
vectors). For one field component, the spatiotemporal profiles
of ultrashort pulse-beams are too short to be measured directly,
but they can be calculated as E(r, z) = ﬁz—l{E(r, w)}, where
Z is the temporal Fourier transform and E(r, w) is the complex
spatiospectral profile of the ultrashort pulse-beam. As such, spa-
tiospectral characterization of ultrashort pulse-beams is critical.
Due to couplings, the complex profile of an ultrafast pulse-beam
is not necessarily separable, e.g., E(r,t)# E(r).F ! (E(w)},
so independent spectral/temporal and spatial measurement is
insufficient [28,29]. Many techniques have been developed for
spatiospectral characterization, but they require scanning, a refer-
ence beam, or only characterize a single spatial dimensions of the
pulse-beam as detailed in Supplement 1, Section 1 [25,26,30-39].
One such spatiospectral characterization technique is broadband
ptychography, which we recently demonstrated [40].
Ptychography was developed as a phase-sensitive microscopic
imaging technique. In ptychography, diffraction patterns asso-
ciated with overlapping regions of a sample, called an object,
are recorded by translating a spatially constrained illumination,
called a probe, transverse to the object [41-44]. Originally, pty-
chographic phase retrieval algorithms relied on known probe
profiles that could be used as constraints, but [45,46] showed
that there was enough redundancy in a ptychographic data set to
allow for simultaneous reconstruction of the object and probe,
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and that algorithmic reconstruction of the illumination improved
reconstruction fidelity. The ability to reconstruct the complex,
phase-and-amplitude, spatial profile, or wavefront, of the illumi-
nation is key for pulse-beam metrology by ptychography. Here,
instead of using ptychography to image a microscopic object, we
use ptychography to “image” light itself. It is important to note that
ptychography reconstructs the spatial profile of the pulse-beam as
itappeared before interacting with the object.

In broadband ptychography, the goal is to reconstruct the
quasi-monochromatic, complex, beam profile of each spectral
channel, which represents the sum of the illumination over the
sub-bandwidth of the binned spectrum [47]. In other words, each

spectral channel in the reconstruction yields a beamlet with electric
~ . 2 ~
field: E(x,y, wj) = % f:)’j:/z E(x,y,o)dw'. By increasing

]
the number of reconstructed wavelength channels (decreasing the

sub-bandwidth €), this approximation becomes more accurate
[40]. Since the complex field is reconstructed, this result can be
propagated axially to give E(r, @ ;). Thus, broadband ptychog-
raphy enables characterization of focused pulse-beams by making
measurements away from focus. Broadband ptychography does
not provide the spectral phase, which precludes full spatiotemporal
characterization, but it is still an attractive technique for pulse-
beam metrology because it measures the full two-dimensional
probe field at the object plane, it does not require a reference beam,
data can be collected in a single shot, and it allows for various
forms of multiplexing [48—50]. Any measured diffraction pattern
that can be written as the sum of mutually incoherent diffraction
patterns can be demultiplexed, regardless of the physical source
of the incoherence [51]. Physical sources of mutual incoherence
include: multiple wavelengths, orthogonal polarization states,
and temporal separation. Critically, multiple physical sources of
incoherence can be demultiplexed simultaneously, which is crucial
for full single-shot pulse-beam characterization. [50,52-56].

2. METHODS

In this work, we present the first single-shot, reference-free, full-
field, simultaneous phase-and-amplitude reconstruction of each
frequency and polarization state in an incident pulse-beam. Our
novel technique is called broadband single-shot ptychography
(BBSSP), and to emphasize its utility we use it to characterize a
single pulse. Many single-shot ptychography (SSP) systems use
diffractive optical elements (DOE:s) like pinhole or lenslet arrays
to break up incident illumination spatially, which precludes beam
metrology [57]. Our novel BBSSP system, shown in Fig. 1(a),
uses a two-dimensional diffractive beam splitter DOE, or grating,
which is similar to the initial demonstration of SSP [58]. For a sin-
gle wavelength, the grating DOE used in this work produces copies
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Fig. 1.

of the incident illumination with equal power in each order that
propagate in directions determined by the grating equation. For
multiple wavelengths within a single diffracted order, the disper-
sive nature of the grating must be taken into account. The grating
dispersion can be seen in Fig. 1(b). It necessitates changes to the
ptychographic phase retrieval algorithm, which are presented in
Supplement 1, Section 3. Critically, we find that after appropriate
algorithmic modification the grating dispersion improves spectral
discrimination.

A. BBSSP System

The full experimental system is described in Supplement 1, Section
2. The BBSSP system shown in Fig. 1 consists of four optical com-
ponents. The two-dimensional diffractive beam splitter, or grating,
produces roughly equal intensity copies of the input illumination
in each of the diffracted orders, M., M, ={0, £1, £2, 3},
except for the 0, 0 order. This gives 48 copies of the incident illu-
mination, called beamlets. For pulse-beam characterization, the
goal is to reconstruct the spectrally resolved wavefronts, so we have
freedom to choose a convenient object. We use a binary, amplitude-
only object, which gives two advantages: first, achromatic objects
are amenable to object averaging [40]; second, comparison of the
reconstructed and known spatial profiles of the object provides a
fidelity check that gives confidence in the accuracy of the recon-
struction results. If the object is characterized well enough, for
instance in calibration, the object’s spatial profile can be used as
a constraint to improve the quality and speed of reconstruction.
All the experiments presented here use a thin, amplitude-only,
copper SEM finder grid. The object is placed a short distance §
downstream of the grating. Regardless of 8, a Fourier-transform
lens is placed one focal length away from the grating. A detector is
placed one focal length downstream of the Fourier-transform lens.

B. Data Collection

We followed similar data collection procedures for all the experi-
ments we performed. Every data set we collect consists of at least
one spectrometer measurement and four images: a single exposure
and a high dynamic range (HDR) image of the beam, and a single
exposure and an HDR image of the diffraction data. The beam
images are taken without the object in the system, and they are used
for modulus enforcement on the probe (MEP) [59]. Even though
four images (10 exposures) are always collected, they are not always
used in reconstruction. The single-pulse-beam reconstruction
(Section 3.A), for instance, only uses one single exposure image of
the diffraction data. The HDR images are collected by stitching
together four exposures of 1, 16, 256, and 4096 ms. The use of
HDR gives a better sense for the capabilities of BBSSP uncoupled

Narrowband

Broadband

BBSSP system and beam data comparison. (a) Broadband single-shot ptychography (BBSSP) system and false color beam image array. (b)

Example of beam data, collected without the object in the system, for narrowband (top left) and broadband (bottom right) illumination.
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from the limited dynamic range of our specific detector, which
could be improved by using a detector with higher dynamic range.
For each data set, we measured the spatially averaged spectrum of
the pulse-beam at the focal plane between the two imaging lenses
on a fiber coupled spectrometer. Comparison of the measured and
reconstructed spatially averaged spectra serves as a fidelity check for
reconstruction accuracy.

C. Algorithm

All the reconstructions presented here used the same ptycho-
graphic reconstruction algorithm: a modified version of the
“PIM-RAAR” algorithm developed for broadband ptychography.
PIM-RAAR is described in detail in the supplementary infor-
mation of Ref. [40]. PIM-RAAR is particularly well suited to
broadband ptychography, but any ptychographic phase retrieval
algorithm can be used with BBSSP once it is modified appropri-
ately. Specifically, the algorithms must be adapted to account for
the grating dispersion, which necessitates two changes. The first
algorithmic modification is that the positions of the beamlets on
the object become wavelength dependent. The second algorithmic
modification accounts for wavelength-dependent propagation
of the beamlets between the object and the detector. Accurate
application of these modifications requires the positions of a
known wavelength on the detector (which are geometrically related
to the positions at the object). If the system is perfectly aligned,
the positions can be calculated from known grating parameters,
but empirically we found that calibration with a narrowband
source provides better results. The algorithmic modifications are
described in detail in Supplement 1, Section 3. With appropriate
algorithmic modifications, any ptychographic phase retrieval
algorithm could be used with the BBSSP system.

Two particularly useful capabilities of the PIM-RAAR algo-
rithm for beam metrology with BBSSP are object averaging and
MEP [40,47,59]. Averaging reconstructed objects from different
spectral channels constrains the PIM-RAAR algorithm so that it
must reconstruct an achromatic object, which improves results. We
use an achromatic object described in Section 2.A, and we always
use object averaging for the broadband reconstructions. MEP
also provides a strong constraint that improves reconstructions,
but it requires collection of a beam image without the object in
the BBSSP system. For stable pulse trains, the beam image can be
thought of as an additional calibration step that can be performed
before single-shot data acquisition. However, if pulse-to-pulse
fluctuations are significant, the pulse measured in the beam image
may be substantially different from the pulse measured in the
diffraction data, and the MEP constraint may not be appropriate.
To demonstrate general single-pulse-beam measurement, the
single-pulse results shown in Section 3.A were reconstructed with-
out the use of the MEP constraint. All the other results presented
used the MEP constraint. The beam image required for the MEP
constraint could be collected with the diffraction data in a single
shot through modifications or additions to the BBSSP system.
For instance, an object could be designed with a gap in it to ensure
that one or more beamlet passes through free space. Then that
beamlet would provide the required beam image. Alternatively, an
amplitude beam splitter and an additional synchronized detector
could be used to collect the beam image.

3. RESULTS

We performed a series of experiments to demonstrate single-shot,
reference-free, full-field, spatiospectral characterization of ultrafast
pulse-beams with BBSSP, including characterization of a single-
pulse-beam. First, we present reconstructions of the complex,
spatiospectral profile of a single roughly Gaussian pulse-beam from
a Ti:sapphire amplifier and of Gaussian pulse-beams from a mode-
locked Ti:Sapphire oscillator. Next, we demonstrate spatiospectral
characterization of a vortex pulse-beam carrying orbital angular
momentum (OAM). Then, we validate the technique by present-
ing reconstructions of a spatiospectrally structured pulse-beam.
Finally, we present spatiospectral reconstructions of orthogonal
polarization states within a vector pulse-beam [60] to display the
polarization sensitivity of BBSSP, which is unique among single-
shot spatiospectral characterization techniques. Reconstruction
details for each experiment are in Supplement 1, Section 10. Our
comprehensive demonstration of the applicability of our novel
method to a host of key cases makes our approach relevant and
applicable to virtually any ultrafast installation, from compact
tabletop to large-scale facilities like free electron lasers (FELs).

A. Characterization of Single-Pulse and Multipulse
Gaussian Beams

The primary advantage of the single-shot nature of BBSSP is the
ability to measure a single-pulse-beam. When pulse-to-pulse
fluctuations are significant, accurate measurement requires
characterization of individual pulse-beams. To validate single-
pulse-beam characterization with BBSSP we used a Ti:sapphire
amplifier system. The amplifier’s repetition rate is 1 kHz, so by
setting the exposure time of our detector to 0.9 ms we ensure that
only illumination from a single-pulse-beam is measured.
Pulse-beams with Gaussian spatial and temporal profiles
provide a convenient mathematical framework for matching sim-
ulation to experiments and are ubiquitous. Ultrafast pulse-beams
are often roughly Gaussian in space and time/spectrum with alter-
ations caused by aberrations and/or chromaticity from imperfect
or imperfectly aligned optics. Since Gaussian pulse-beams are con-
venient and common, they are a good starting point for validation
of spatiospectral characterization by BBSSP. Figure 2 demonstrates
spatiospectral characterization of a nearly Gaussian single-pulse-
beam from the Tiisapphire amplifier. We used an interference
filter to reduce the bandwidth of the amplified illumination for
calibration purposes only. Reconstructions of the narrowband
amplified beam are shown in Figs. 2(a) and 2(b). Comparison
of the reconstructed object transmission profile, Fig. 2(a), with
the ground truth, shown in the inset, serves as a fidelity check to
ensure accurate pulse-beam reconstruction. After collecting the
calibration data set, the interference filter was removed and we
collected the single-pulse-beam data set. Reconstruction of the
single-pulse-beam was performed with eight spectral channels
of 10 nm subbandwidth covering a total bandwidth of 760 to
830 nm. Figure 2(c) shows the reconstructed object transmission
profile, and row (i) shows selected spectrally resolved probe fields.
Figure 2(d) shows the measured spatially averaged spectra from the
amplifier and from the reconstruction of the single-pulse-beam.
Comparison of the measured and reconstructed spectra serves as
another fidelity check for reconstruction accuracy. As expected,
the reconstruction indicates that all the spectral components have
nearly ideal Gaussian spatial profiles. Note that while only the
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Fig.2. Single-pulse and multipulse Gaussian reconstructions. (a) Reconstructed object transmission profile (ground truth shown as inset); (b) recon-
structed probe field, from the single channel reconstruction of the narrowband amplified beam used for calibration. The scale bar in (a) is common to
(a)—(c) and (e)—(g). (c) Reconstructed object transmission profile for the broadband amplified single-pulse-beam. (d) Measured spatially averaged spectra
from the amplifier and from the reconstruction of the single-pulse-beam. The root mean square error (RMSE) between the reconstructed and measured
spatially averaged spectra is 5.1%. (e) Reconstructed object transmission profile; (f) reconstructed probe field, from the single channel reconstruction of
the narrowband Gaussian oscillator beam used for calibration. (g) Reconstructed object transmission profile for the broadband oscillator pulse-beam.
(h) Measured and reconstructed spatially averaged spectra for the broadband oscillator pulse-beam. The RMSE between the reconstructed and measured
spatially averaged spectra is 2.5%. Rows (1)—(j): Selected spectrally resolved probe channels from a single amplified pulse-beam and from the oscillator
pulse-beam, respectively. The scale bar in (i) is common for both rows. All the reconstructed channels are shown in Supplement 1, Fig. S6. In all cases the

complex field is shown with brightness representing amplitude and color representing phase.

spatially averaged spectrum is shown in the figure, our recon-
struction yields the spectrum at each spatial position in the
reconstruction grid. In other words, here we retrieve the spatially
resolved spectrum of the pulse-beam with spatial resolution of
about 45 pm, over a field of view of about 14.5 mm (Supplement
1, Section 2).

Besides single-pulse-beam characterization, the single-shot
nature of BBSSP is beneficial because it reduces data collection
time and removes scan position uncertainty. Figures 2(e)-2(h)
and row (j) demonstrate spatiospectral characterization of nearly
Gaussian pulse-beams from a modelocked Ti:sapphire oscillator.
Reconstructions of the narrowband Gaussian oscillator beam,
used for calibration, are shown in (e) and (f). The broadband
Gaussian oscillator beam was reconstructed with 17 spectral chan-
nels of 5 nm subbandwidth covering a total bandwidth of 760
to 840 nm. Figure 2(g) shows the reconstructed object, and (h)
shows the measured and reconstructed spatially averaged spectra.
Figure 2(j) shows selected reconstructed spectrally resolved probe
fields. These results confirm that BBSSP provides accurate spa-
tiospectral characterization of Gaussian pulse-beams, including
single-pulse-beams. Supplement 1, Section 7 and Fig. S5 present
further discussion about the difference between single-pulse and
multipulse characterization with BBSSP.

B. Characterization of Pulse-Beam Carrying OAM

To demonstrate the ability of BBSSP to reconstruct pulse-beams
with complicated spatial structures, we characterized a vortex
pulse-beam with OAM. Besides their application in visible optics,
soft to hard x-ray OAM beams generated in synchrotrons and
FELs have proven effective—for example, for the detection of
chirality in matter through helical dichroism [61,62]. To generate
a spatially structured pulse-beam, we placed an 7 = 1 spiral glass
vortex plate in the image plane of the object. The plate is designed
to impart a 0 — 27 m azimuthal phase wrap for 800 nm light.
We performed the experiment with narrowband illumination
for calibration and with the full bandwidth from the oscillator.
Figures 3(a) and 3(b) show the results from the reconstruction of
the narrowband vortex beam. The reconstructed object compares
well with the ground truth shown in the inset. The slight linear
phase along the horizontal axis is likely due to an object tilt of
about 6 mrad. The reconstructed probe shows a phase profile that
wraps azimuthally from 0 to 27, i.e., it has an OAM charge of 1.
The broadband vortex beam was reconstructed with 17 spectral
channels of 5 nm subbandwidth covering a total bandwidth of 760
to 840 nm. Figure 3(c) shows the reconstructed object, and (d)
shows the reconstructed and measured spatially averaged spectra
for the broadband reconstruction. Row (e) shows selected spec-
trally resolved probe fields. BBSSP is ideal for characterizing OAM
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Fig. 3. Vortex pulse-beam reconstruction. (a) Reconstructed object transmission profile, (ground truth shown as inset); (b) reconstructed probe field,
from the single channel reconstruction of the narrowband vortex beam used for calibration. The scale bar in (a) is common to (a)—(c). (c) Reconstructed
object transmission profile for the broadband vortex pulse-beam; (d) reconstructed and measured spatially averaged spectra for the vortex pulse-beam.
RMSE between the reconstructed and measured spatially averaged spectra is 2.7%. Row (¢): Selected spectrally resolved probe fields (all channels are shown
in Supplement 1, Fig. S6). The scale bar in (e) is common to the row. In all cases the complex field is shown with brightness representing amplitude and

color representing phase.

pulse-beams. Its high spatial resolution and phase sensitivity enable
precise measurement of OAM states in a single shot. As explained
in [63], a spectrally dependant OAM state is not expected, despite
the fact that a physical spiral glass structure was used to impart the
vortex phase. This is confirmed in our measurement, as each of the
spectrally resolved probe fields show OAM charge of 1.

C. Characterization of a Spatiospectrally Structured
Pulse-Beam

A spatiospectrally structured pulse-beam exhibits different spectral
profiles across its spatial profile. For our experiment, we generated
a spatiospectrally structured pulse-beam by placing a neodymium-
doped vanadate crystal (Nd:YVO4) in the image plane of the
object, oriented such that roughly a quarter of the otherwise
Gaussian pulse-beam passed through the crystal. Absorption in the
crystal alters the spectrum of the part of the pulse-beam that passes
through it, creating a spatiospectrally structured pulse-beam. We
performed the experiment with narrowband illumination for
calibration and with the full bandwidth of the oscillator pulse-
beam. For both experiments, we performed reconstructions with
either one or two mutually incoherent channels (MIC) allowed
for each spectral channel. In all cases, the reconstructions provided
reasonable results, but we found that allowing for two MIC within
each spectral channel significantly improved reconstructions.
Figure 4 shows the results from the two-channel reconstructions.
For simplicity, only the summed intensity of the MICs are shown
for selected spectral channels. The individual MICs are shown in
Supplement 1, Fig. S6. For the narrowband beam and for each
spectral channel in the broadband pulse-beam, the algorithm
divides the illumination into two MICs in the same way. In one
channel, the portion of the beam that passes through the crystal is
dimmer than the other portion, and there is no phase difference
between them. In the other channel, the portion of the beam that
passes through the crystal has roughly the same intensity as the
other portion, and the two portions are about 7 out of phase. The
most likely source of the observed incoherence is the delay from
the vanadate crystal, which slows the light that passes through it

such that it no longer temporally overlaps with the light that does
not. The vanadate crystal is 2 mm thick, and its index of refraction
is about 1.97 at 800 nm, so light that passes through the crystal is
delayed by about 6.5 picoseconds relative to light that does not,
neglecting edge diffraction. Since the two portions of the illumina-
tion are temporally separated, they are mutually incoherent, and
the algorithm finds a better solution by allowing for two MICs,
referred to as temporal channels, for each spectral channel in the
illumination. Likely the reason that we observe energy both inside
and outside the crystal region in each temporal channel is due
to edge diffraction from the relatively thick crystal. This result
emphasizes the utility of pulse-beam metrology by ptychography
as the method can diagnose sources of mutual incoherence in the
pulse-beam.

Accurately reconstructing the spatial dependence of the
spectrum is critical to demonstrating characterization of a spa-
tiospectrally structured pulse-beam. In addition to recording the
spatially averaged spectrum of the pulse-beam, we made two more
spectrometer measurements for the spatiospectrally structured
pulse-beam: we measured the spectrum when the full oscillator
pulse-beam passed through the crystal [Fig. 4(f)] and without the
crystal in the system [Fig. 4(e)]. Figures 4(a) and 4(c) show the
results from the reconstruction of the narrowband beam used for
calibration. The broadband spatiospectrally structured pulse-beam
was reconstructed with 17 spectral channels of 5 nm subbandwidth
covering a total bandwidth of 760 to 840 nm and two temporal
channels for each spectral channel. Thus, there are a total of 34
MIC:s in the reconstruction. Figure 4(b) shows the summed inten-
sity of all 34 probe channels reconstructed from the broadband
pulse-beam. The summed intensity image compares well with a
CCD image of the same pulse-beam, which is shown as an inset
in (). The second row shows (d) the measured spatially averaged
spectrum with the crystal a quarter of the way into the beam, (e)
with no crystal in the system, and (f) with the full pulse-beam pass-
ing through the crystal. In (d) the spatially averaged reconstructed
spectrum of the full beam is shown for comparison, but in (e) the
reconstructed spectrum is only spatially averaged over a subset of
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(a) Reconstructed object transmission; (c) reconstructed summed probe intensity from two-temporal-channel (single-spectral-channel) recon-

struction of the narrowband pulse-beam used for calibration. The scale bar in (a) is common for (a)—(c). (b) Summed intensity of all reconstructed probe
channels for the spatiospectrally structured pulse-beam; the inset in (c) shows a CCD image of the same beam for comparison. (d) Reconstructed and mea-
sured spatially averaged spectra of the full beam with the crystal a quarter of the way into the beam. (e) Measured spatially averaged spectrum without the
crystal and reconstructed spectrum measured outside the crystal—lower square in (b). (f) Measured spatially averaged spectrum through crystal and recon-
structed spectrum measured inside the crystal—upper right white square in (b). The RMSE for each of the spectral comparisons is shown in the correspond-
ing panel. Row (g) shows selected spectrally resolved summed probe intensities. The scale bar in (g) is common to the row. The individual MICs and the

spectrally resolved summed intensities are shown in Supplement 1, Fig. S6.

pixels outside of the crystal, [lower square in (b)], while in (f) the
reconstructed spectrum is only spatially averaged over a subset
of pixels inside the crystal [upper right square in (b)]. Figure 4(g)
shows selected spectrally resolved probe intensities, which are cal-
culated as the summed intensity of the two temporal channels for
each spectral channel. The agreement between the reconstructed
and measured spatially averaged spectra inside and outside the
crystal indicates that BBSSP accurately reconstructions the spatial
dependence of pulse-beam spectra.

D. Polarization Sensitivity

The experiments presented thus far show that BBSSP provides
full-field, reference-free, single-shot spatiospectral characteriza-
tion of ultrafast pulse-beams. Here we highlight an important
unique capability of BBSSP that makes it attractive for pulse-beam
metrology. Since two orthogonally polarized pulse-beams cannot
interfere with one another, a pulse-beam that consists of different
polarizations can be decomposed into two MICs with each channel
representing one of the orthogonal polarizations in the pulse-beam
[50,52,55]. BBSSP supports simultaneous demultiplexing of
multiple sources of incoherence if all reconstructed probe channels
are mutually incoherent. Thus, we can use BBSSP to image the spa-
tiospectral profile of orthogonal polarizations in a pulse-beam. To
our knowledge, no other spatiospectral characterization technique

can simultaneously characterize orthogonal polarization states in a
pulse-beam.

To generate a polarization structured (vector) pulse-beam,
we placed a custom s-wave plate, designed and fabricated by the
Kazansky Group at the University of Southampton, at the image
plane of the object. Details of the s-wave plate fabrication are in
Supplement 1, Section 6. In addition to the normal narrowband
calibration data, we took two data sets with a linear polarizer placed
after the first imaging lens oriented to transmitted horizontal and
then vertical polarization. The two-polarization-channel recon-
structions of the narrowband beam, presented in Supplement 1,
Section 6, confirm that BBSSP is polarization sensitive, but to
demonstrate polarization-sensitive spatiospectral characterization,
we applied BBSSP to measure a broadband vector pulse-beam. The
broadband vector pulse-beam was reconstructed with 17 spectral
channels of 5 nm subbandwidth covering a total bandwidth of 760
to 840 nm and two polarization channels for each spectral chan-
nel. Rows (a) and (b) of Fig. 5 show the reconstructed spectrally
resolved probe fields for each of the two orthogonal polarization
states in the pulse-beam. It is worth noting that the technique
produces accurate reconstructions even in the presence of zeros in
the amplitude. Here, as well as in the vortex beam reconstructions
(Fig. 3), the spatial phase is accurately retrieved despite the zero
in the spatial amplitude, and Supplement 1, Section 5 demon-
strates accurate retrieval of a pulse-beam with a zero in the spectral
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Polarization-sensitive spatiospectral characterization of a broadband vector pulse-beam. Rows (a) and (b) show selected reconstructed probe

channels. All reconstructed probe channels are shown Supplement 1, Fig. S6. (a) The vertically polarized portion of the pulse-beam and (b) the horizontally
polarized portion. The scale bar in (a) is common to both rows. Row (c) shows the spectrally resolved intensity of the vector pulse-beam at focus, which
is calculated as the summed intensity of the Fourier transform of the corresponding polarization channels. The scale bar in (c) is common to the row. (d)
Reconstructed object transmission profile. (¢) The measured and reconstructed spatially averaged spectra. The RMSE between the reconstructed and
measured spatially averaged spectra is 3.1%. (f) The focused intensity asymmetry as a function of wavelength. The intensity asymmetry (A;) is calculated as
A= % ,where R(L) is the maximum intensity on the right (left) side of the singularity.

amplitude. BBSSP is a nonlocal diffractive technique because
different portions of the beam interfere with each other. This
mixing allows the technique to retrieve any sign changes in the field
and allows us to distinguish from zeros that occur in amplitude
without phase change. Other than overall amplitude variation,
little spectral dependence can be observed in the reconstructed
probe fields. However, if we consider the summed intensity of the
Fourier transform of the two polarization channels for each spectral
component, as shown in row (c) of Fig. 5, the spectral dependence
is clearly visible. Since the pulse-beam was collimated at the object
plane, the Fourier transform of the reconstructed field gives the
field at focus. The intensities shown in row (c) are what would
be seen by a CCD detector placed at the focus of the spectrally
filtered pulse-beam. This analysis reveals spectral dependence of
the reconstructed pulse-beams, and it highlights one of the benefits
of full-field spatiospectral characterization: the results can be used
to determine the spatiospectral field at any other axial plane. This
enables characterization of high-intensity pulse-beams at focus by
making measurements away from focus. We quantified the spectral
dependence observed in the spectrally resolved intensities at focus
by considering the horizontal asymmetry of the intensity profiles.
To do so, we quantified the ratio of the maximum intensity on the
left and right side of the singularity for each spectral component
as Ay = 2—4__2, where A; is the intensity asymmetry and R(L) is
the maximum intensity on the right (left) side of the singularity.
The results of this analysis are displayed in Fig. 5(f), which shows
a nearly linear trend of the intensity asymmetry as a function of

wavelength. These results qualitatively agree with simulations of
the s-wave plate’s impact on wavelengths other than the design
wavelength of the waveplate [64].

4. CONCLUSION

Spatiospectral structure is ubiquitous in pulse-beams. Generating
highest intensity light fields requires mitigating spatiospectral
distortions, but spatiospectral structure can also be used to shape
light for particular applications (SSTE, STED, micromachining)
[11,12,14-18]. Optimal mitigation or application of spatiospec-
tral structure necessitates sophisticated pulse-beam measurement
techniques. Here we have demonstrated pulse-beam metrol-
ogy with broadband single-shot ptychography, which is the first
reference-free, full-field, single-shot spatiospectral characterization
technique to our knowledge.

We verified that Gaussian, spatially structured, and spatiospec-
trally structured pulse-beams are accurately reconstructed by
BBSSP. We also showed that BBSSP can characterize a single-
pulse-beam. Additionally, we demonstrated that BBSSP enables
simultaneous demultiplexing of multiple sources of incoherence
by reconstructing orthogonal polarization states for each spectral
channel of avector pulse-beam. BBSSP enables simple, high-speed,
spatiospectral characterization that has the potential to revolution-
ize the application and mitigation of spatiospectral structure for
pulse-beam control. The current BBSSP system allows for char-
acterization of many ultrafast pulse-beams of interest, and its
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capabilities (spatial resolution, field of view, spectral resolution,
allowable spectral bandwidth, data collection rate, and reconstruc-
tion rate) can be expanded as described in Supplement 1, Section
11, so that BBSSP should be applicable to nearly all pulse-beams.
Implementing BBSSP in the x-ray regime is a particularly exciting
prospect, as it would provide real time shot-to-shot characteriza-

tion of self-amplified spontaneous emission and seeded pulses from
FELs.
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