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Bright squeezed vacuum (BSV) is an intense quantum state of light with zero mean electric field and huge photon num-
ber fluctuations, sufficiently intense to drive extreme nonlinear processes and imprint nonclassical statistics. However,
the temporal structure of single BSV shots has not been fully characterized. Here, we retrieve the spectral and temporal
pulse characteristics of a set of single-peak BSV shots. It is obtained by realizing a femtosecond BSV source at 1040 nm
with a single spatial mode and performing single-shot spectral interferometry with a fully characterized coherent-state
reference pulse. Our approach reveals that the group delay is consistent between the various shots, resulting in an aver-
age pulse duration of 27.2 fs, much shorter than the pump pulse, and a variation of 5.5 fs (standard deviation). We also
observe a characteristic nodal structure in the spectral interferograms, demonstrating the BSV’s random phase ambigu-
ity of T rad. Our approach demonstrates that BSV is a viable source of femtosecond light pulses for attosecond sub-cycle

metrology of ultrafast electron dynamics. © 2026 Optica Publishing Group under the terms of the Optica Open Access Publishing

Agreement
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1. INTRODUCTION

Ultrafast science in the attosecond temporal regime is based on
extremely nonlinear sub-cycle processes driven by intense laser
pulses, with each driving laser pulse containing 10’ —10'° photons
[1-10]. This is in stark contrast to quantum optics with nonclassi-
cal light, which is commonly associated with photon statistics of up
to 10% photons [11,12]. Introducing concepts of quantum optics
in ultrafast science, such as squeezing [13], needs to bridge this
stark intensity gap. Recently, the development of intense sources
of nonclassical light, particularly pulses of bright squeezed vacuum
(BSV) [14-16], has demonstrated that this gap can be overcome.
BSV pulses possess fascinating quantum properties, which dis-
tinguish it strongly from “classical” (coherent-state) laser pulses
used in ultrafast science. In the time domain, ideal coherent-state
classical laser pulses exhibit oscillations of the electric field with
the fundamental frequency with small fluctuations due to the
quantum vacuum, characterized by Poissonian photon statistics.
In BSV, however, the average electric field is zero, in line with its
character as a vacuum state, whereas the electric field fluctuations
are extremely large and oscillate at twice the light frequency, in
line with the squeezed nature of BSV [see Fig. 1(a) and Fig. 1(b)
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for an illustration]. The BSV photon statistics support a plethora
of different realizations of pulse shapes. Individual BSV shots can
reach extremely high photon numbers of up to 10'3 within a single
BSV pulse due to antisqueezing [15-17]. Notable is also a phase
ambiguity of 7 rad and the nodal structure of the statistics at the
field zero crossings, which follow from the oscillations of the fluc-
tuations at twice the BSV light frequency. Average pulse durations
down to 25 fs in BSV at 1600 nm have recently been reported [17].

Femtosecond BSV pulses have been shown to drive nonlin-
ear processes with higher efficiency than coherent light with the
same mean intensity, due to the fact that the nonlinearity of those
processes enhances the statistical contribution of the BSV shots
with high photon numbers, though those shots are rare. Moreover,
genuine quantum effects present in BSV can enhance nonlinear
processes [18,19]. Perturbative nonlinear effects, such as low-order
harmonic generation [15] and multiphoton electron emission
from nanotips [20], have been driven solely by BSV, resulting in
increased efficiency. BSV has also been applied as a perturbation
field for high-harmonic generation (HHG) from solids [21] and
gases [22] as a route to imprint non-classical photon statistics
on the resulting harmonics in the UV and extreme UV spectral


https://orcid.org/0009-0008-4358-5914
https://orcid.org/0009-0008-1863-4315
https://orcid.org/0000-0002-0122-2022
https://orcid.org/0009-0002-9861-6278
https://orcid.org/0000-0002-1085-227X
https://orcid.org/0000-0003-2691-1892
https://orcid.org/0000-0002-6188-9179
mailto:krueger@technion.ac.il
https://doi.org/10.1364/OA_License_v2#VOR-OA
https://doi.org/10.1364/OA_License_v2#VOR-OA
https://doi.org/10.1364/OPTICA.580767
https://crossmark.crossref.org/dialog/?doi=10.1364/OPTICA.580767&amp;domain=pdf&amp;date_stamp=2026-02-27

Research Article

Vol. 13, No. 3 / March 2026 / Optica 396

—~
(=)
) —

Electric field (arb. u.) £

Electric field (arb. u.

Time (arb. u.) Time (arb. u.)

Fig.1. Illustration of bright squeezed vacuum (BSV). (a) lllustration of
the electric field and its fluctuations for a “classical” (coherent-state) state
laser pulse. Red curve: Average electric field. (b) The same for BSV. While
any single realization of the BSV field (dotted black curve) has a defined
waveform, the field fluctuations across many possible pulses can be posi-
tive or negative with equal probability, resulting in an average electric field
of zero (red line).

regions. Nonperturbative HHG from solids [17] and strong-field
photoemission from nanotips [23] solely driven by BSV open up
interesting effects in the sub-cycle strong-field regime of light—
matter interactions, as predicted by theory [24]. The use of BSV
to introduce nonclassicality is part of a larger experimental and
theoretical effort to bridge ultrafast science and quantum optics
through different pathways, such as electro-optic approaches
[25-28], HHG interactions [22,29-33], and photoionization
experiments [34,35].

While BSV is well established and can be characterized using
quantum optical methods (see, e.g., [14—16,36]), sub-cycle ultra-
fast studies require a complete characterization of the electric field
in time for each shot of femtosecond BSV. Each shot is a differ-
ent realization of the statistical quantum properties of BSV, i.e.,
it corresponds to a femtosecond light pulse with well-defined
spectral intensity and phase. Although the spectral intensity can
be easily measured with a spectrometer with single-shot capabil-
ity, the spectral phase is challenging to measure, particularly in
a single-shot measurement together with the intensity. In [17],
frequency-resolved optical gating (FROG) was applied to fem-
tosecond BSV pulses at 1600 nm wavelength but could only reveal
an average pulse shape with a duration of about 25 fs. While FROG
and other nonlinear pulse characterization approaches can be
extended to single-shot retrieval, the strongly fluctuating shot-to-
shot intensity variation of BSV demands a large dynamic range,
which is challenging to achieve with these approaches. Here, we
introduce a conceptually simple yet powerful approach to measure
the spectral phase of single shots of BSV—single-shot spectral
interferometry. We implement a femtosecond BSV source at a
wavelength of 1040 nm with a single spatial mode and interfere it
with a broadband synchronized classical laser pulse that has been
fully characterized. We analyze the spectral interference fringes
and retrieve the spectral phase of each BSV shot, which enables
us, for the first time, to characterize BSV in pulse duration and its
shot-to-shot variations. Our measurements reveal that the average
pulse duration of the shots corresponding to the fundamental spec-
tral mode of the BSV is around 27.2 fs. We choose to use spectral
interferometry because of its simplicity, large dynamic range, and
natural phase sensitivity.

2. RESULTS
A. Bright-Squeezed-Vacuum Source at 1040 nm

In this section, we introduce our BSV source with a central wave-
length of 1040 nm. This is a shorter wavelength than 1600 nm
that has been used for previous ultrafast light-matter-interaction
BSV experiments [17,21-23] and aligns with the ubiquitous use
of Yb-based laser systems in ultrafast science [37]. The experimen-
tal approach to produce BSV is to strongly pump an unseeded
optical parametric amplifier (OPA) phase-matched for a collinear
frequency-degenerate mode. Due to the absence of seed light,
fluctuations of the quantum vacuum are amplified by the OPA,
starting with photon-pair generation leading to the emission of
extremely bright light pulses. In our experiment, we employ the
515 nm second harmonic (SH) of 1030 nm, 178 fs pulses from
a Yb-based amplified laser system as a pump [see Fig. 2(a) for a
sketch of the setup]. The collimated SH pump pulses (~125 fs
pulse duration, 121 pJ pulse energy, 1 kHz repetition rate) are
sent into a 1 mm thick B-barium borate (BBO) crystal for Type I
phase-matching cut at 6 = 23.4°. With no seed present, a weak
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Fig. 2. Generation and characteristics of 1040 nm BSV.

(a) Experimental setup. SH and SHG, second harmonic and second
harmonic generation, respectively; BBO, pB-barium borate crystal.
(b) Spectra of BSV shots with the fundamental spectral mode. (c) Spectra
of BSV shots with the double-peak spectral mode, same y axis as (b).
(d) Intensity statistics at 1040 nm (red curve: fit with BSV photon statis-
tics). (e) Second-order correlation parameter g ® (0) of the generated BSV
light as a function of wavelength. (f) Spectral covariance plot.
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BSV beam is generated. Since the BSV beam possesses many spatial
modes, a filtering approach needs to be applied. Here we apply a
second stage of amplification by placing a second identical BBO
crystal in the beam path at a distance of 22.8 cm (cf. [38]). This
distance ensures that the higher-order spatial modes of the BSV are
not amplified in the second BBO crystal. Only the fundamental
Gaussian spatial mode overlaps well with the collimated 515 nm
pump beam and is amplified. The distance also guarantees that
the relative phase between 515 nm light and BSV is such that
the amplification in the second BBO crystal is constructive (see
Supplement 1 for details). We obtain spatially single-mode BSV
light at a central wavelength of 1040 nm. This wavelength is con-
sistently obtained when optimizing the power of the BSV and
through tuning the tilt angles of both crystals to nearly collinear
phase-matching. The 515 nm pump light experiences an overall
spectral broadening from a bandwidth of 3.9 to 12.9 THz as well
as a nonlinear frequency shift to longer wavelength, consistent
with the observation of 1040 nm BSV light (see Supplement 1).
The BSV possesses extreme intensity fluctuations and an average
pulse energy of ~20 nJ, corresponding to 1 x 10'! photons on
average. A gain curve measurement shows that saturation of the
parametric process is occurring at high pump pulse energies (see
Supplement 1). We operate the BSV source ata pump pulse energy
of 121 pJ, just below the saturation threshold.

We measure the spectrum of each individual femtosecond BSV
pulse using a near-infrared InGaAs-based spectrometer, correcting
for its spectral response. We find three characteristic spectral
shapes, a single peak centered at ~1040 nm [Fig. 2(b)], a two-peak
structure with a minimum at ~1040 nm [Fig. 2(c)] and mixtures
of the two (not shown). Single-peak spectra indicate the funda-
mental spectral mode of the BSV with a roughly Gaussian shape,
whereas the double-peak structures correspond to the next higher
spectral mode. The double-peak structure indicates the generation
of a higher-order Hermite—Gaussian frequency mode. BSV shots
with three peaks or more are not observed after optimizing the BSV
source, where we balance minimum frequency mode content and
sufficient average BSV power by adjusting the phase-matching
conditions. Figures 2(b) and 2(c) also show that the spectral band-
width varies from shot to shot. The single-peak spectra possess
an average bandwidth of 18.3 THz with a variation of 3.4 THz
(standard deviation). We find that the spectral bandwidth ofa BSV
shot is weakly correlated with its pulse energy (see Supplement 1).

In the next step, we characterize the intensity statistics of our
1040 nm BSV pulses. We record 40,000 single-shot BSV spectra
using a laser-triggered Si-based spectrometer corrected for its spec-
tral response and determine ¢ (0), the normalized second-order
correlation function at zero time delay, as a function of wavelength
. For large intensities, it is given by ¢@ (0) ~ (N?(A))/(N()))?
where N(1) is the (shot-resolved) spectral intensity ata given A and
(-..) indicates the statistical mean. Figure 2(d) shows that ¢ (0)
approaches 3 at ~1040 nm in the center of the BSV spectrum
as expected for degenerate squeezed vacuum [39]. Further away
from the center, ¢® (0) decreases to ~2 which is consistent with a
thermal light state resulting from the fact that the nondegenerate
double-peak spectral mode starts to contribute (see Supplement 1
for more details).

We shed more light on the properties of our BSV source by
determining its spectral intensity correlations. We employ the
InGaAs-based spectrometer and record 4 x 10% single-shot spec-
tra. Figure 2(f) shows the resulting spectral intensity covariance

Cov(iy, ) = (NG NOD)) — (NGL))(NG)). In addition
to the trivial auto-correlation on the rising diagonal, we also find
a cross-correlation and a strong central peak where both overlap
at ~1040 nm. The orthogonal component nicely visualizes the
correlation of signal and idler photons in our vacuum-seeded OPA.
The central peak indicates the spectral range in which photons can
be considered indistinguishable, in agreement with the ¢®(0)
measurement in Fig. 2(e). A comparison of the conditional spectral
width with the unconditional spectral width reveals the presence of
1.62 spectral modes according to the Fedorov ratio method. This
result is consistent with phase-matching bandwidth considerations
(see Supplement 1 for details).

B. Single-Shot Spectral Interferometry

Here we focus on the ultrashort spectro-temporal properties of
each individual BSV shot. We measure the field properties, such
as the spectral phase and intensity of each pulse. To this end, we
implement spectral interferometry between the unknown BSV
pulses and a stable, fully characterized coherent-state light pulse
as a reference (see Supplement 1). We split off a part of the funda-
mental laser light at 1030 nm and spectrally broaden it through
self-phase modulation (SPM) in 4.2 cm of a standard single-mode
fiber (PM980) [40,41]. The spectral broadening stage is necessary
because we need to cover the bandwidth of the BSV spectra as
much as possible. Ata pulse energy of 45 n], the resulting reference
pulse covers 960-1100 nm, which is slightly narrower than the
bandwidth of the single-peak spectral mode. We recorded the ref-
erence pulse with a commercial FROG device and determined its
spectral phase (see Supplement 1). We interfere the reference pulse
with the BSV using a 20:80 beam recombiner and record their
interferogram with the Si-based spectrometer with single-shot
capability [see Fig. 2(a) for an illustration]. A temporal delay of
~3.05 ps leads to a dense spectral interference fringe pattern [see
Fig. 3(a) for an example].

The single-shot spectral interference fringes directly reveal the
7-rad phase ambiguity, an important property of the BSV and a
tell-tale sign of its quantum origin. The quantum vacuum that we
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Fig.3. Single-shotspectral interferometry with BSV. (a) Typical single-
shot spectral interferogram at a delay of 3.05 ps. (b) Modulation spectrum
displaying the interference fringes and the BSV’s nodal structure plotted
for a sequence of 200 shots. We normalized the fringes and subtracted the
DC offset at a frequency of 286 THz. (c) Color plot of the modulation
spectrum for a sequence of 36 shots out of the 200 shots in (b).
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amplify through the unseeded OPA process initially contains all
phases. However, according to the classical and quantum under-
standing of the phase-sensitive OPA, the amplification process
in degeneracy can occur both in 0 and 7-rad phase difference
between the pump and the down-converted light [42]. This leads
to the 77 -rad phase ambiguity, which manifests itself directly in the
fringe pattern recorded in our experiment. Figure 3(b) shows the
fringe pattern after subtraction and normalization for a sequence
of 200 pulses. We observe a pronounced nodal structure due to
the fact that the zero crossing occurs at the same frequencies for
each shot. The relative distribution of the two phases is 105:95,
corresponding to a binary random distribution with probability
0.525 =£ 0.035, which is compatible with randomness in the phase
of the quantum vacuum. Our measurement is limited here by the
fact that the interferometric delay in our setup is not stabilized. A
different visualization of this effect is depicted in Fig. 3(c) where
subsequent shots with alternating phase (“checkerboard”) or with
constant phase (“streaks”) emerge in some instances. Despite these
observations, which could indicate some kind of shot-to-shot
correlations or anticorrelations, their occurrence is still due to
randomness.

C. Single-Shot BSV Pulse Reconstruction

Our measurement of single-shot spectral interferograms allows
for a full reconstruction of the spectro-temporal properties of each
BSV shot. Here we focus on a subset of 1009 single-peak spectra
out of 16,000 recorded shots due to their excellent spectral overlap
with the reference pulse; the analysis of the other shots is beyond
the scope of this work. Criteria for selecting single-peak spectra
include the number of peaks, peak wavelength, and spectral width
(for details see Supplement 1). Calculating the Fourier transform
of the interferograms allows us to isolate DC and AC terms, which
give us access to the spectrum of each BSV shot and its relative
phase with respect to the reference pulse, respectively [43] (see
Supplement 1). We note that undetected systematic errors in the
reference pulse FROG reconstruction can propagate into the
spectro-temporal reconstruction of the BSV shots. Accordingly,
our approach can be regarded as a high-precision comparator as it
does not provide an error-free absolute measurement.

Figure 4(a) shows the results of our reconstruction in the spec-
tral domain. We find that the normalized single-peak spectra
differ in both peak position and spectral width. More important
is the reconstructed group delay of the BSV shots, also plotted in
Fig. 4(a). On top of the average group delay, we find little varia-
tion between the individual shots near the central frequency of
288 THz, with increasing noise at the edges of our measurement
range due to the low intensity of the spectral interference signal
in that area. The average group delay exhibits fine oscillations
and peaks, which we attribute to imperfections in the FROG
reconstruction of the reference pulse. We also note that the inter-
ferograms are recorded at the spectrometer, which means that the
dispersion effects of optical elements on the beam path between
BSV generation and detection are included in the measurement.

In the time domain, we find an average pulse duration of 27.2 fs
(full width at half-maximum intensity), while the transform-
limited pulse duration corresponding to the average spectrum
(solid black curve in Fig. 4(a)) is 19.3 fs. Remarkably, this is much
shorter than the pulse duration of 178 fs delivered by the laser
system at its output or the estimated pulse duration of 126 fs of
its second harmonic, which serves as the pump. The exponential
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Fig. 4. Reconstruction of single-peak BSV shots. (a) Retrieved nor-
malized spectral intensity (blue—grey) and group delay (light orange) as a
function of frequency. The black curve and the orange curve represent the
average of the spectral intensity and group delay, respectively. (b) Time-
domain reconstruction of the intensity profile of the shots (blue—grey).
The black curve and dashed orange curve are the average pulse profile, and
the transform-limited pulse profile calculated from the average spectrum
from (a).

scaling of BSV with pump intensity concentrates the BSV emission
in time, causing it to occur predominantly at the peak of the pump
field’s pulse envelope. This notion is consistent with analytical and
numerical modeling of SPDC for ultrashort pump pulses [44].
The standard deviation of the pulse duration of the analyzed set of
BSV shots is 5.5 fs, reflecting the variations in spectral width and
group delay. The side peaks are likely due to imperfections in the
FROG reconstruction of the reference pulse.

3. CONCLUSION

In conclusion, we have demonstrated a single-shot resolved
retrieval of the spectro-temporal profile of a femtosecond BSV
source at 1040 nm. We obtain an average pulse duration of 27.2 fs,
much shorter than the pump pulse. We also observe a m-rad
phase ambiguity, in line with the classical properties of BSV. The
capability to retrieve the temporal structure of the electric field
is an important prerequisite for attosecond science experiments.
BSV has been shown to enable measurements of electron dynamics
beyond the conventional damage threshold [17]. Here we envision
that BSV will be at the heart of a sub-cycle spectroscopic scheme
where it interacts strongly with matter, and we retrieve the shot-
resolved waveform after the interactions, detecting the temporal
imprints of nonlinear polarization [45], photoionization and
dielectric breakdown [46], and phase transitions [47].
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