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The versatile manipulation of electron motion on the atomic scale calls for the shaping of the electric field evolution of
light within a single cycle. The super-octave bandwidth required for this task dramatically increases the probability of
formation of spatio-temporal distortions. As a result, the accuracy of physical observables can be extremely compro-
mised by spatial averaging unless the complete spatio-temporal field information is known. Here, we apply spatially
resolved electro-optic sampling to record three-dimensional electric-field structure of a sub-cycle synthesized light tran-
sient carrying wavelengths from 700 to 2700 nm. We show an in-depth picture of the field synthesis process, disclosing
how temporal, spectral, and global-phase properties of the synthesized pulse vary across space, including the propaga-
tion direction around the focal point where the transient is generated. ©2024Optica PublishingGroup under the terms of the

Optica Open Access Publishing Agreement
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1. INTRODUCTION

The generation of few-cycle laser pulses has opened new avenues
into the study of fundamental properties of light–matter inter-
action [1–6]. Few-cycle pulses in the visible and near-infrared
spectral regions have facilitated, for example, the observation of
ultrafast changes in the optical properties of solids [7] and the
sub-femtosecond energy transfer from light to electrons [8]. The
transition into the single- and sub-cycle regimes becomes essential
for the precise control and manipulation of atomic-scale electron
motion in solids and molecules. To break the single-cycle limit,
pulses containing multi-octave bandwidths must be produced.
The difficulty of temporal compression and waveform control over
such spectral bandwidth arises for frequencies approaching the
petahertz scale. Lately, this has been bypassed using the concept
of pulse synthesis, where a single-to-sub-cycle light transient can
be shaped by coherently combining multiple spectral channels
from separate laser sources [9,10], optical parametric amplifiers
[11–14], or subdivided spectral bands after the fiber broadening
[15–17].

The measurement of light transients is a challenging task, as
the envelope approximation is no longer applicable. The carrier
envelope phase (CEP), also called the global phase in the context of
light transients [16], has a strong impact on the shape of the electric
field. This leads to different matter responses in strong-field exper-
iments triggered by pulses with different global phases [18,19].
Therefore, the question of the complete characterization of such
pulses is linked to recording the electric field itself. The strong
temporal confinement required to measure field oscillations in the

near-infrared and visible has been first realized through high har-
monic generation and complex vacuum beamlines [20,21]. More
recent advances in field sampling technologies, such as tunneling
ionization with a perturbation for the time-domain observation of
an electric field (TIPTOE) [22–24], photoconductive sampling
[25–27], and electro-optic sampling (EOS) [17,28,29] and its
generalized counterparts [30], allow attosecond experiments to be
easily conducted under ambient conditions.

Typically, physical observables in laser experiments result from
the spatial averaging of the interaction volume within the inci-
dent beam cross section. In the case of significant spatiotemporal
inhomogeneities of the exciting light field, the accuracy of the
macroscopic observables used to access the underlying microscopic
processes will be highly compromised by the spatial averaging.
The ultrabroad bandwidth associated with light transients drasti-
cally increases the probability of accidental formation of various
spatiotemporal distortions. The reasons behind their emergence
are multifold: from simple optical elements [31] and multilayer
mirrors [32] to parametric amplification of the channels [33] and
their spatial superposition. Therefore, it is crucial to capture not
only the space-averaged temporal evolution of the electric field but
also the complete spatio-temporal structure of broadband pulses.

Although significant progress has been made in this direction,
most of the current techniques record spatio-spectral informa-
tion of a pulse using interferometry with a reference beam, thus
requiring phase-retrieval algorithms and an extra measurement
in the time domain to reconstruct the complete field [34–39].
Another way of resolving the electric field in time and space with
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high resolution is a raster scan with a metal tip [40,41] or CEP-
sensitive nanostructures [42], operating under conditions of long
stability and reproducibility of sampled pulses. Unfortunately,
interferometric and raster methods lack direct and fast access to the
spatiotemporal structure of laser pulses. An alternative approach
has been presented by imaging based on EOS, popular in the
terahertz community [43–45] and only recently brought to the
near-infrared spectral range [46]. EOS imaging yields broadband
microscopy of electric fields with sub-wavelength resolution in
time and space in a wide-field geometry.

In this paper, we show the synthesis of a sub-cycle light transient
centered at 1.7 µm with a 4.5 fs pulse duration and its complete
field characterization directly in the spatio-temporal domain.
While a solely temporal reconstruction displays an optimal shape
of our synthesized electric field for attosecond experiments, we
reveal arbitrary spatio-temporal effects that are averaged in stand-
ard field sampling techniques. The measurement utilizes spatially
resolved EOS, which is applied to image ultra-broadband pulses
in the near-infrared and visible spectral range, up to 450 THz.
Using this technology, we demonstrate how field properties of
the light transient vary across space including numerical field
reconstruction along the propagation direction.

2. EXPERIMENTAL SYSTEM AND
ELECTRO-OPTIC SAMPLING

The laser system previously reported in [16,47] utilizes 0.7 mJ,
15 fs pulses centered at 1.8 µm, spectrally broadened in a hollow-
core fiber under ambient conditions. The output supercontinuum
spans over three octaves from the ultraviolet to the infrared spectral
range, 300–2700 nm. As shown in Fig. 1, the spectrum is split
into three channels using custom-made dichroic beam splitters:
ultraviolet-visible (UV-VIS, 300–600 nm), visible-near-infrared
(VIS-NIR, 700–1400 nm) and infrared (IR, 1400–2700 nm).
The channels are recollimated and individually compressed using
a chirped-mirror compressor (CMC) to 2.8 fs, 6.8 fs, and 12.5 fs,
respectively.

Light transients can be generated through the coherent recom-
bination of the channels with delay stages. In our experiment,
we combine two long-wavelength channels, VIS-NIR and IR, to
synthesize a sub-cycle transient at a central wavelength of 1.7 µm
(with a period carrier frequency of 5.6 fs). To measure the temporal
evolution of the synthesized field, we use the EOS technique and
employ the UV-VIS channel as a sampling pulse. As was shown
in [16], the bandwidth of this channel supports the detection of
frequencies up to 0.5 PHz. The synthesized and sampling pulses
after recombination are focused on a 5-µm-thick, type-I beta
barium borate (BBO) crystal. The nonlinear process between the
pulses is phase-matched for sum-frequency generation (SFG),
where the newly generated wave is emitted on the perpendicular
axis (o + o = e ). The EOS signal is produced by the interference
of the SFG with an overlapping spectrum within the sampling
pulse (local oscillator, LO) on photodiodes after their projection
[29]. By varying the time delay between the two pulses, a temporal
reconstruction of the synthesized electric field can be recorded.
Figure 2(a) shows an EOS measurement of the 4.5-fs synthesized
field E (t), the spectrum of which is obtained via Fourier transform
and shown in Fig. 2(b). The retrieved time-domain waveform
exhibits a high degree of field asymmetry, which is particularly
beneficial for studying attosecond and strong-field phenomena.

3. ELECTRIC-FIELD IMAGING OF SYNTHESIZED
PULSE

Since EOS is an all-optical approach to measure electric fields, the
spatial information of the pulse under study is also carried to the
detector but averaged due to the use of photodiodes. Therefore, the
spatiotemporal properties of the pulse cannot be probed. A simple
imaging system can access the spatial domain in the transverse
direction, providing time-varying field oscillations at each pixel.
The ratio of the beam sizes in the BBO between the sampling pulse
and the synthesized field must be carefully adjusted (∼6 times in
our case) to fully resolve the field structure and mitigate errors due
to the spatiotemporal effects of the sampling pulse. To image the
nonlinear interaction between the pulses, we use an approximately

Fig. 1. Experimental setup. A supercontinuum spanning from 300 to 2700 nm is split into three channels for temporal compression using chirped
mirror compressors (CMC). Two long-wavelengths channels (electric fields measured with EOS in the frames) are temporally superimposed with the
delay stages (DS) for pulse synthesis, while the ultraviolet-visible channel is used as a sampling pulse in the EOS. All three channels after recombination are
focused on a BBO, where the synthesized pulse is formed and mixed with the sampling pulse for sum frequency generation (SFG). A 4f imaging system
images the BBO plane. The SFG emerging on the orthogonal axis shows a partial spectral overlap with the sampling pulse. A band-pass filter (BPF) is
then used to isolate this spectral region. The “polarization rotation” effect of the sampling pulse in this filtered spectral range can be described and detected
through interference of the sampling pulse and the SFG on the CCD. To trigger the interference, a wire-grid polarizer (WGP), oriented at 45◦ to the
sampling pulse polarization, is placed. The reflected and transmitted through the WGP beams form two cross-polarized images, R and T, the subtraction of
which yields the sampled electric field.
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Fig. 2. (a) Electric field of a sub-cycle light transient E (t)measured using standard electro-optic sampling (EOS). (b) Corresponding spectrum of the
synthesized pulse obtained with the Fourier transform of the electric field in (a). (c) The extension of EOS to the imaging geometry allows the characteri-
zation of the generated pulse to include spatial coordinates E (x , y , t). Semi-transparent and opaque contours in the 3D electric field image represent 12%
and 60% of the maximum field value, respectively. The projections reflect the electric field at zero value of the corresponding coordinate, i.e., E (0, y , t),
E (x , 0, t) and E (x , y , 0).

Fig. 3. Spatial analysis of the electric field structure. (a) Normalized intensity distribution of the synthesized pulse in the transverse x -y plane.
(b) Temporal electric field of three pixels from (a) at (−30 µm, 0), (0,0), and (30 µm,0), with pulse durations of 4.6 fs, 13.3 fs, and 4.4 fs, respectively,
measured as full-width at half-maximum of the squared envelope. (c) Corresponding spectrum and spectral phase obtained using the Fourier transform of
the electric fields in (b).

4f imaging system with a NA of∼ 0.064 and a magnification factor
of ∼ 0.9 (Fig. 1). The band-pass filter (BPF) placed after the first
lens isolates the spectral region, where the SFG and the LO overlap
(290–360 nm). Importantly, the complete field information about
the two-octave-spanning synthesized pulse is encoded into this rel-
atively narrowband beam, which determines the spatial resolution
and highly reduces chromatic aberrations of the imaging system.
The interference of the orthogonally polarized SFG and the LO is
triggered by a wire-grid polarizer (WGP), set at 45◦ relative to the
sampling pulse polarization. Two beams, reflected R and transmit-
ted T through the WGP, produce two images on the CCD. The
subtraction and normalization of these images yield a field image E
at each time delay,

E =
R − T
R + T

.

To enhance the image contrast, a thin-film polarizer centered
at 343 nm was added after the BPF, balancing the intensities of the
LO and the SFG on the CCD and increasing their interference
depth [48]. For the analytical description of EOS imaging, simu-
lations and the data acquisition and processing see Supplement 1
(S1). The spatiotemporal measurement of the synthesized pulse
E (x , y , t) is depicted in Fig. 2(c). Here, the projections are plot-
ted at a zero value of the respective coordinates, i.e., E (x , 0, t),
E (0, y , t), and E (x , y , 0).

The recorded three-dimensional matrix of the electric field
structure contains all spatiotemporal properties of the synthesized
pulse. The integrated intensity distribution of the pulse in the
x -y plane is shown in Fig. 3(a). To identify how the synthesized
electric field varies across the space, we analyzed three individual
pixels along the x -axis: at (−30 µm, 0), (0, 0), and (30 µm, 0).
The temporal waveforms of these pixels presented in Fig. 3(b)
illustrate spatial deviations of the field shape like the presence of a

https://doi.org/10.6084/m9.figshare.24749970
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Fig. 4. Recorded electric field matrix is transformed to the hyperspectral image showing dynamics of the pulse around the focal point. (a) A false-color
image demonstrating how the synthesized field was formed in the spatio-spectral domain along the z-axis. (b)–(d) Three slices of (a) at z=−5 mm, 0 mm
(location of the actual measurement) and 5 mm. (e)–(g) Images presenting the distribution of pulse duration in the x -y plane at the positions corresponding
to (b)–(d). (h)–(j) Images showing dynamics of the global phaseϕg in space.

strong satellite pulse at a time delay of −10 fs at the beam center.
This satellite pulse increases the value of the pulse duration at
the center (13.3 fs), while two outer pixels have nearly consistent
values of 4.6 fs and 4.4 fs, respectively, calculated as full-width
at half-maximum of the squared envelope. At the same time, the
consistency in pulse durations does not reflect a uniformity of
spectral characteristics. The spatio-spectral analysis shown in
Fig. 3(c) exposes an interesting feature of this particular synthesized
field: the high-frequency components are practically absent on
the left side. The localization of low frequencies is greater in the
pixel on the left, while the central pixel contains the full bandwidth
reaching 450 THz.

To observe a complete picture of spatiotemporal dynamics of
the field properties in the process of ultrabroadband pulse synthesis
and to find the origin of the existing distortions, we demonstrate
the superposition of the VIS-NIR and IR channels around the
focal point. As a straightforward alternative to the physical dis-
placement of the detection crystal, the field information along
the z-axis, in the case of linear propagation, can be accessed with

Fourier optics using the EOS measurement at a single z-plane [46].
Figure 4(a) presents a hyperspectral image of the superposition of
the channels to show how the synthesized transient was shaped
at the focus. To visualize the spectral distribution in a false-color
image, the frequencies within the synthesized pulse are marked in
the following way: the red color represents frequencies from 120 to
180 THz, the green denotes 230–290 THz, while the frequencies
of 340–400 THz are indicated as blue. According to the image,
the channels are superimposed with a small angle in the transverse
direction, as the red-colored components are spatially displaced
when crossing the focal point. In the longitudinal direction, the
spectral components have an offset of ∼3 mm, mimicking strong
chromatic aberrations. The same spatiotemporal analysis per-
formed to the VIS-NIR and IR channels individually (see SI)
shows that the chromatic aberrations are partially contained in
the individual channel pulses, suggesting that the source of these
distortions is the hollow-core fiber.

A detailed analysis of the spatio-temporal field structure at
z=−5 mm, 0 mm (the actual location of BBO), and 5 mm has
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been made to explore how the pulse duration and the global phase
of the synthesized field vary in space as it crosses the focal point.
Corresponding hyperspectral images in the x -y plane are shown
in Figs. 4(b)–4(d). Calculating the pulse duration of the wave-
forms at each pixel [Figs. 4(e)–4(g)], one intriguing property of
the propagating light transient becomes distinct: a local increase
of the pulse duration emerges at the center of the beam as it passes
the focal point and starts diverging. The extraction of the global
phase ϕg at all the pixels presented in Figs. 4(h)–4(j) allows for the
tracking of the global phase evolution over the spatial domain. As
can be seen in the images representing the converging beam and
the focus [Figs. 4(h) and 4(i)], the global phase gradually switches
the value along the diagonals from π/2 to 0 and from 0 to−π/2,
respectively. On the contrary, in the converging beam [Fig. 4(j)],
the spatial transformation of the global phase follows a different,
circular pattern changing its value from −π at the beam center
to over 0 at the marginal areas. It is worth noting that the spatial
analysis of pulse durations and the global phase of the VIS-NIR
and IR channels confirms that the observed effects are primarily the
direct result of the superposition of the channels.

The ultrabroadband pulse synthesized with our laser setup
has demonstrated a clear example of how the spatiotemporal dis-
tortions can be easily formed despite using the lowest number of
spectral channels and a minimized set of optical elements in the
design. In particular, sub-cycle transients with such global phase
variations across space might lead to an unexpected, averaged
response of the system when applied for field-sensitive experiments
such as strong-field photoinjection [25] or high harmonic genera-
tion [49]. In this regard, the careful spatiotemporal sampling of the
broadband electric fields can facilitate an accurate measurement
of the physical properties of matter and better comparison with
theoretical predictions.

4. CONCLUSION

In conclusion, we have presented field-resolved imaging of an
ultra-broadband light transient produced using the synthesis of
two octave-spanning channels in the visible and infrared spectral
range. The recorded electric field information E (x , y , t) has been
used to reveal arbitrary spatio-temporal inhomogeneity formed
during the pulse synthesis. Particularly, we showed how the elec-
tric field structure of the synthesized pulse varies across the x -y
plane. Converting the recorded data to the spectral domain and
numerically shifting the detection crystal along the z- direction,
a complete picture of the superposition of the channels around
the focal point has been retrieved, revealing the spatial dynamics
of the pulse duration and the global phase along the propagation
axis. The imaging technique is expected to enrich the metrology
apparatus of attosecond physics regardless of the spatial com-
plexity of the measured electric field structure, including beams
carrying orbital angular momentum. EOS imaging will allow field-
resolved detection to observe not only the space-averaged temporal
dynamics of electrons and quasiparticles excited by sub-cycle light
transients but also charge the migration in complicated systems
such as photonic structures.
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