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Abstract: Precise knowledge of the structure of ultrashort light pulses simultaneously in space
and time is fundamental for their successful applications. To this end, various techniques
have been developed that determine the spatio-spectral properties and couplings. Here, we
report on a simple, enhanced version of a spatio-spectral metrology approach termed simplified
INSIGHT. Furthermore, we compare two commonly used spatio-spectral diagnostic methods
‘HASO multispectral’ and ‘INSIGHT’. As a source, we utilize a non-collinear optical parametric
amplifier that supports few-optical-cycle pulses with an artificially introduced spatio-spectral
coupling. While both techniques successfully resolve the introduced aberration, each has distinct
practical advantages and disadvantages, which we investigate and discuss. Finally, we propose a
practical way to assess the correctness of spatio-temporal characterization results.
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1. Introduction

Few-cycle laser systems are at the forefront of current light source and light-matter interaction
research, but their application requires accurate dispersion management to achieve the short
pulses in the experiments. Many techniques used in these systems deliberately or accidentally
introduce Spatio-Temporal Couplings (STCs), i.e., correlated spatial and temporal properties of
the electric field. Usually these methods require careful alignment, since remaining STCs of
even very small magnitude degrade the effective temporal structure even under close-to-optimal
conditions [1,2].

Electromagnetic radiation can generally be described in either the time or the frequency domain
as well as the spatial or the spatial frequency (k) domain which gives a total of four combinations
(E(x,1); E(x, w); E(k, t); E(k, w)). An STC occurs when the electric field is not separable into its
two variables, for example, in a space and a time component E(x, ) # E,(x)E,(¢) in any of these
four domains. Taking into account that the electric field has an intensity and a phase, together
with those four domains gives a total of eight possible STCs in the linear case. However, only
two of them are independent, e.g., the intensity couplings angular chirp and spatial chirp [3].
Although, if a more complex STC is encountered, this linear description is inappropriate and a
higher order description needs to be considered.

There is a broad range of aberrations caused by STCs [1]. A specific example is a curved
pulse front introduced by lenses, which effectively elongates the pulse in the focus [4]. Another
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example is the diffraction of short pulses on a circular aperture that introduces boundary wave
pulses, which appear as post or even prepulses [5]. A different manifestation of STCs appears in
optical parametric synthesizers where different spectral ranges propagate in different directions
[6]. However, in some cases STCs are purposefully introduced as a feature, for example for
steering laser-wakefield-accelerated electron beams [7] or in applications like the ’flying focus’ to
have an extended focal region with controlled velocity of the light pulses [§—10]. STCs are usually
undesired, and even if desired, such as pulse front tilt in the middle of grating compressors,
need to be controlled with precision. In order to control or eliminate them, they need to be
accurately characterized. Over the past two decades, a wide range of measurement techniques
were developed to characterize STCs in ultrashort laser pulses [1,11,12] and extended even into
the extreme ultraviolet [13].

The techniques to characterize STCs can be classified into two groups. One group of
approaches utilizes interferometry to reconstruct the wavefront with a reference pulse, that is
created separately or is generated from the sample pulse. A few examples for interferometric
techniques are spatially resolved SPIDER [14,15], SEA TADPOLE [16], STRIPED FISH [17],
spatially resolved Fourier transform spectrometry [18], TERMITE [19] and STWEFS [20]. The
other group of techniques does not utilize interferometry to determine the wavefront and therefore
also do not require a reference pulse. These methods utilize other ways of determining the spatial
phase by either measuring it directly with Shack-Hartmann wavefront sensor or reconstructing it
from other parameters with, e.g., a Gerchberg-Saxton algorithm. Examples of such methods are
the RAVEN technique [21], IMPALA [22] and FALCON [23]. The two methods we want to
highlight in this paper, HASO multispectral and INSIGHT, also fall into this second category.

In this article, we demonstrate a new, simple spatio-spectral measurement technique termed
simplified INSIGHT (sINSIGHT) based on the former technique, INSIGHT. Furthermore,
we present a comparison between two common spatio-spectral metrology approaches, HASO
multispectral and INSIGHT. Both are applied to few-cycle pulses having an artificially introduced
spatio-spectral coupling of high order which serves as an example to study the respective
advantages and weaknesses of the two techniques. The aim here is not to provide a systematic
evaluation of the methods, but to present a case study illustrating their performance in our
experimental context.

2. Experimental details

For our experiments, we used the output of the ultra-stable front end of the Light Wave Synthesizer
100 laser system [24], which is based on noncollinear optical parametric amplification (NOPA,
Light Conversion) and was previously described in [6]. White light is generated by an Yb:KGW
pump laser that seeds an optical parametric amplifier stage. A difference frequency generation
stage follows, that produces a passively carrier-envelope phase (CEP) stabilized idler, which is
used in a second white light generation stage to produce the seed for the NOPAs.Then it utilizes
serial synthesis to separately amplify the blue and red parts of the seed in two different NOPA
stages with complementary spectral gain regions. The resulting pulses have a shot-to-shot root
mean square energy stability of 0.3 % over 1h and are spectrally broad enough to support sub-5 fs
pulses, but remain uncompressed. They have an energy of 30 uJ and the systems repetition rate
is 10 Hz. Under certain circumstances, this two-stage amplification layout can lead to a special
spatio-temporal aberration involving different propagation direction for the blue (580-700 nm)
and red (700-1040 nm) part of the laser output. This aberation is introduced and employed to
evaluate the performance of the two characterization methods. In order to achieve an adequate
beam size, we let the beam propagate freely for 7 m from the NOPA before measuring it. Here, it
has a size of roughly 2 mm full width at half maximum.



Research Article Vol. 34, No. 7/6 Apr 2026 / Optics Express 13449 |

Optics EXPRESS

2.1. Simplified INSIGHT
2.1.1. Experiment

A schematic of simplified INSIGHT (sINSIGHT) is displayed in Fig. 1. Here, contrary to the
standard INSIGHT ([25] and SourceLAB), pulses with a broadband spectrum are focused, a
narrow spectral region is transmitted with a variable bandpass filter and its spot is measured in
and around the focus in multiple planes. To this end, the beam first is focused with a spherical
mirror with a focal length of 500 mm. Close to the focal plane, a linearly varying neutral density
filter (LND in Fig. 1; NDL-25C-4, Thorlabs) and a linearly varying dichroic bandpass filter
(LDF; BP NIR, Delta Optical Thin Film) are inserted. Both are mounted on motorized stages.
The LDF with dimensions of 60 mm x 12 mm x 2.5 mm allows the selection of the transmitted
wavelength in a range of 550 nm - 1000 nm with a bandwidth of about 10 nm - 20 nm, depending
on the transmitted wavelength [26]. The beam has a spot size of 100 um on the LDF, which
results in an added spectral bandwidth that is negligible compared to the natural bandwidth of
the LDF. The LND is optional, but allows an increase of the dynamic range up to 4 orders of
magnitude. A camera is positioned at the focus of the beam and can be shifted along the beam
propagation direction with a third motorized stage. During a measurement, the camera will be
moved to three planes; one in front of, one close to, and one behind the focus. At each plane,
the LDF will be moved throughout the spectral range (from 590 nm to 970 nm in 20 nm steps)
and 20 images are recorded with the camera to average out potential fluctuations. The complete
measurement takes around 5 minutes.

LND LDF

Fig. 1. Schematic of the simplified INSIGHT (SINSIGHT) setup. The entering beam
is reflected on a focusing mirror with a low incidence angle. Close to the focal plane,
the beam passes through an LND and LDF which are both mounted on motorized stages.
Multiple planes around the focal plane are measured with a commercially available CMOS
camera, which can be moved along the beam propagation axis with another motorized stage.
LND: Linearly varying neutral density filter, LDF: Linearly varying dichroic bandpass filter,
CMOS: Complementary metal-oxide-semiconductor.

2.1.2. Evaluation

To reconstruct the wavelength-dependent beam profile, we proceed in a similar fashion as
described in the original INSIGHT paper [25], with the difference that, due to the use of the LDF,
the need for a Fourier transformation to retrieve the individual colors is not necessary. Instead,
the data can be directly used to retrieve the complex 3D electric field in the focus (far field) with
the Gerchberg-Saxton iterative algorithm [27] if it is extended with a temporal measurement
in any transverse position in the beam. This algorithm takes the focal plane as a starting point
and adds a random phase. The E-field is then propagated back and forth between the various
planes, where at every step the propagated amplitude is replaced with the measured one. After
several iterations, the phase should converge to a solution that is then extracted at the focal plane.
This process takes several minutes. The resulting electric field is then back-propagated using the
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Fourier propagation method to the position of the focusing mirror. Finally, the effect of a perfect
focusing optic with 500 mm focal length on the wavefront is subtracted from the wavefront to
retrieve the electric field of the collimated beam (near field).

2.2. HASO multispectral

We compare the sSINSIGHT technique to the HASO multispectral (HASOm, Imagine Optic),
which was first tested by Ranc et al. [28] and later by us in De Andres et al. [29]. The FALCON
[23] has a similar working principle with lower spectral bandwidth and lower spatial resolution.

The setup of HASO multispectral is displayed in Fig. 2. It has an entrance aperture of 5 mm.
Behind the aperture a 1:1 magnification telescope is positioned, made from two achromatic
doublet lenses with a focal length of 75 mm each. Close to the focal spot between the two lenses
there is a small aperture for alignment purposes as well as the same LDF that was used for the
SINSIGHT, also mounted on a motorized stage. The remaining spectral section of the beam
is sent to a broadband Shack-Hartmann wavefront sensor (WFS in Fig. 2; HASO4 Broadband,
Imagine Optic), which has a bandwidth from 350 nm - 1100 nm, i.e., well beyond the limits of
the LDF. These sensors use a lenslet array which disects the beam into many sections. Each
section is focused on the camera sensor by a lenslet. Since the local k-vector at each lenslet is
perpendicular to the wavefront, the focal spot position on the camera can be used to reconstruct
the wavefront. The intensity profile can also be retrieved from the intensities of the individual
focal spots. A complete measurement is only a few seconds. For the evaluation to visualize
wavelength-dependent properties a special software (Multispectral View) and to extract the beam
profile and wavefront the standard wavefront sensor software (WaveView) was used.

I |}

LDF WFS

Fig. 2. Schematic of the HASO multispectral (HASOm) setup. The beam passes through a
telescope with an iris in the focus for alignment purposes. Shortly behind the focal spot is an
LDF on a motorized stage. After recollimating the filtered beam enters a Shack-Hartmann
WES. LDF: Linearly varying dichroic bandpass filter, WFS: Wavefront sensor.

3. Results
3.1. Comparison

HASOm and sINSIGHT provide beam profile and wavefront data as a function of wavelength in
both the focal plane and the collimated beam. In Fig. 3 the wavelength-dependent wavefront tilt
in x and y direction are displayed. These are plotted with their first moment set to zero for both
methods, as that depends on the general beam direction at the device. Error bars are not shown in
these figures, since both retrieval methods do not provide an error value and the fitting error is
negligible. Both the HASOm and sINSIGHT results show the expected jump in propagation
direction between the blue and red amplified NOPA stages (for details see [6]) confirming their
correctness. There is only a slight difference between the two reconstructions regarding the
position of the jump of about 20 nm, which corresponds to the used spectral step.

Figure 4(a) shows the reconstructed and independently measured (imaging the focal mirror
plane on a CMOS camera) collimated beam profile at the position of the focusing mirror at three
selected wavelengths, in the blue amplified (630 nm), in the transition (750 nm) and in the red
amplified (870 nm) spectral section of the beam. It is well visible that the measured intensity
by HASOm represents the real beam far more accurately than the sSINSIGHT reconstruction.
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The discrepancy between the sSINSIGHT and the directly measured beam profile is highest in
the blue region and improves towards the red where the structure of the intensity distribution
is less complex. It is also visible that both methods more or less underestimate the true beam
size, which becomes more apparent in Fig. 5, where the equivalent circle diameters from the two
techniques and the real beam are plotted against the wavelength. The equivalent circle diameter at
half maximum is defined as the diameter of a circle, which has the same area as the beam area at
positions where its intensity/fluence is above the half of its maximum. In Fig. 4(b) examples from
the evaluated focal spot are shown. For HASOm this data was acquired through propagation after
adding a perfect curvature as generated by a 500 mm focusing optic to the measured wavefront,
determining the focal position for 810 nm and propagating all near fields there. For SINSIGHT,
the data was acquired by propagating the results from the close-to-the-focus plane to the actual
focal plane for 810 nm. The close-to-the-focus measurement plane of SINSIGHT turned out to
be more than a Rayleigh range away from the actual focus for the outer edges of the spectrum,
which is why the actual focal plane cannot be shown here. However, the data is still usable for
reconstruction with the Gerchberg-Saxton algorithm. The far field reconstruction of SINSIGHT
seems to produce artifacts towards the edges of the spectrum, meanwhile HASOm produces an
artifact in the transition region, where sSINSIGHT shows a reasonable focal spot.
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Fig. 3. X- and Y-tilt of the wavefront reconstructed by HASOm and sINSIGHT as a function
of the wavelength.

Comparing the reconstructed defocus parameter in Fig. 6, we see a similar behavior between
both methods. The HASOm uses achromatic doublets in its telescope, which have some negligible
chromaticity that is about an order of magnitude less than the measured results. The sSINSIGHT
data was shifted to match the HASOm data in the first moment due to an ambiguity in the absolute
defocus since our SINSIGHT device was not pre-calibrated with a flat wavefront.
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Fig. 4. (a) Collimated beam profile at the position of the focusing mirror from HASOm,
SINSIGHT reconstruction and the real beam measured with a CMOS for comparison at
630 nm (blue region), 750 nm (transition region) and 870 nm (red region). (b) Reconstructed
focal spot from HASOm and sINSIGHT at 630 nm (blue region), 750 nm (transition region)
and 870 nm (red region).
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Fig. 5. Equivalent circle diameter at half maximum (for definition see text) of the obtained
HASOm, sINSIGHT and directly measured intensity profile of the collimated beam at the
focusing mirror.
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Fig. 6. Defocus parameter of the wavefront reconstructed by HASOm and sINSIGHT as a
function of the wavelength. The average defocus of the SINSIGHT data has been shifted to
match the average of the HASOm data.

4. Discussion

HASOm was able to reasonably measure the wavefront of the beam in the near field, as also
reflected by the obtained wavelength-dependent tilts which matches our expectations as described
in [29]. Also the obtained beam profile corresponds very well to the reference measurements,
including the shape change around 730 nm. The propagation into the far field also yielded a
reasonable focus shape besides an artifact to the right of the main focus, that appears in the
transition region and becomes weaker towards the red part of the spectrum.

The sSINSIGHT technique yields intensity profiles in both near and far field that, in the blue
part of the spectrum, seem inaccurate compared to the reference and HASOm measurements. In
the red part, the reconstructed near-field seems feasible. A change in beam shape is visible around
the expected jump around 730 nm and the near-field wavefront also displays a clear jump in tilt
at this wavelength, as expected. The obtained variation in the defocus parameter corresponds
to more than one Rayleigh range of shift in focus position for a focal length of 500 mm, which
is reflected in the SINSIGHT raw data. The shift is more prominent towards the edges of the
observed spectrum, which explains why the INSIGHT reconstruction performs worse in these
areas, since the focus moves away from the close-to-the-focus plane to one of the outer planes if
the shift becomes too large.

The setups of both HASOm and sINSIGHT are relatively simple and can be easily self-built
from standard parts. The most special components are the LDFs that are required for both
methods and the HASO WES for HASOm, resulting in higher costs for this technique. However,
the WES in the commercial HASOm device is easily removable and temporarily usable for other
purposes.

Both methods are aligned easily and quickly. The WES of HASOm can give faulty data if the
incoming wavefront is tilted too far (>5 mrad), which can be easily verified and corrected before
running a full scan. HASOm requires a beam diameter of 5 mm, any parts of the beam beyond
that will be clipped. Due to the low resolution of HASOm (depending on the type of WFS used),
a smaller beam size is also not recommended, which is some restriction. The beam size with
SINSIGHT is only limited by the mirrors/lenses and irises used. However, by using telescopes,
both techniques can easily be adapted to any beam diameter.

HASOm gives live feedback for a single wavelength. Therefore, the process from scanning all
wavelengths to having the complete wavefront data takes merely a few seconds. sINSIGHT needs
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to perform the same scan in at least three different planes around the focus, and the following
wavefront reconstruction takes several minutes. While for HASOm wavefront and beam profile
are measured quasi instantaneously for each wavelength, the time-separated retrieval with the
normal (S)INSIGHT can cause issues with the reconstruction for real systems, even with good
stability, since deviations can manifest between measurement planes. The issue with the three
different planes can be addressed by using three cameras, which also reduces measurement time,
like SourceLAB does with the Quadro device [30].

The resolution of both methods is determined by the camera or WFES that is used. Given the
functioning principle of a WES, this significantly limits its resolution compared to any standard
commercial camera. In our case, HASOm had a resolution of 50 x 68 pixels, though higher
resolution models exist. The camera used for SINSIGHT had a resolution of 1464 x 1936 pixels.
However, a big part of the camera sensor remained unused where the signal was at the noise level.
Therefore, we reduced the region of interest to 267 x 267 pixels, which is still significantly higher
than HASOm. sINSIGHT has a higher dynamic range, due to the additional LND we built into
our device. Theoretically, this is also applicable to the HASOm, however, it is not implemented
in the commercial device. However with the use of wedges or filters, both methods can easily be
adapted for the application with high power lasers.

Both methods use the same LDF, which leaks spectral components above 900 nm if its set to
wavelengths between 550 nm and 600 nm. The leakage is 30 - 60% for the > 900 nm components
while it has a transmission of 80% at 550 nm, which is significant for spectrally broad pulses
[26]. For the presented results this is not relevant, as no measurements below 600 nm were
performed. For HASOm, this will result in a wrong reconstruction for the low wavelengths, that
correspond linearly with the amount of leaked spectral components. However, for SINSIGHT
the consequences of such a disturbance will be largely unpredictable for the affected wavelength
components, due to the iterative reconstruction. Due to the use of the LDF, sSINSIGHT makes
the resolution of short wavelengths easier to achieve than with the original INSIGHT, since the
required delay step size becomes technically challenging.

(s)INSIGHT uses measured intensity data at or near the focal plane and around it, to iteratively
reconstruct the wavefront at those locations by propagating the electric field back and forth
between the planes 10s, up to 100 times. Both noise on the measured intensities and differences
between measurement planes caused by fluctuations or slow drifts in the laser can cause the
retrieved phase at the focal plane to deviate from the ground truth. Since the reconstruction of
the near field from the sSINSIGHT measurement as well as the reconstruction algorithm require
numerical propagation, those pure phase errors are transformed into phase and amplitude errors,
which are higher than HASOm’s. Additional challenges stem from the broad spectra of the input
fields: If one color is focused to a significantly different plane, then it may be that the errors on
the reconstructed wavefront are larger. This is generally a potential error source of the INSIGHT
technique, which we see in the blue colors in our results due to the chromaticity of the defocus.
Furthermore, the Gerchberg-Saxton algorithm generates significant noise in the reconstructed
beam profile that reduces the quality [27].

The most important aspect of spatio-spectral analysis techniques is how well they reconstruct
the wavefront of a given laser beam or focus. Here, HASOm has the the advantage, that
the wavefront reconstruction of the Shack-Hartman sensor is deterministic and robust. Also
sINSIGHT manages to determine the near-field wavefront well, but unfortunately has difficulties
accurately reconstructing the far-, as well as the near-field intensity profiles, as was already
apparent in the original INSIGHT paper. From the raw data there is no indication whether the
algorithm will converge or not. We recommend anyone utilizing the (s)INSIGHT technique,
verifying their reconstructed data, by comparing them to the measured spot at (or close to) the
focal plane (far field) and, if available, the actual beam profile at the focusing optic (near field)
as strong indicators whether the reconstruction is reasonable. To that end, we recommend the
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application of an universal error that characterizes the quality of the reconstruction, similar to a
Frequency-resolved optical gating (FROG) error [31]. In general, comparing wavelength-resolved
reconstructed near- and far-field profiles with measured data is a practical approach of verifying
spatio-spectral characterization results.

5. Conclusion

We have demonstrated a simple spatio-spectral measurement technique that is suitable for
few-cycle pulses. Additionally, we compared the (s)INSIGHT and HASOm techniques and
found that the evaluated results of HASOm are more reliable and the method is more user
friendly. This might originate from the fact that HASOm measures the intensity and wavefront in
a given plane (near field) which correspond to the relevant properties. Therewhile INSIGHT
measures beam profiles and relies on the Gerchberg-Saxton algorithm to reconstruct the wavefront.
This algorithm is, due to the many required propagations, prone to noise which influences the
final results. The development of a more noise resistant algorithm would make INSIGHT a
more robust technique. From our point of view the direct feedback, quick measurement and
robust reconstruction of HASOm outweigh the higher resolution and cost-effective setup that
(s)INSIGHT offers.
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