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Employing electro-optic sampling (EOS) with ultrashort probe pulses, recent experiments showed direct
measurements of quantum vacuum fields and their correlations on subcycle timescales. Here, we propose a
quantum-enhanced EOS where bright photon-number entangled twin beams are used to derive conditioned
nonclassical probes. In the case of the quantum vacuum, this leads to a sixfold improvement in the signal-
to-noise ratio over the classically probed EOS. In addition, engineering of the conditioning protocol yields
a reliable way to extract higher-order moments of the quantum noise distribution and robust discrimination
of the input quantum states, for instance, a vacuum and a few-photon cat state. These improvements open a
viable route toward robust tomography of quantum fields in space-time, an equivalent of homodyne
detection in energy-momentum space, and the possibility of precise experiments in real-space quantum
electrodynamics.
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The underlying relativistic invariance of quantum electro-
dynamics is best manifested when nonclassical fields are
expressed directly in space-time coordinates [1]. Yet, most
measurement methods of quantum fields are intrinsically
rooted in the reciprocal (energy-momentum) space, follow-
ing a first quantization step with the Hamiltonian method.
Such is the case of homodyne detection (HD) [2] in quantum
optics, where information on the quantum state is obtained
by registering in a square-law detector its linear super-
position with a narrow band classical field, also termed
“local oscillator” (LO). In these measurements, nonvanish-
ing signals only arise where both inputs are commensurate in
angular frequency and wave vector (Δω ≃ 0, Δk ≃ 0).
For direct space-time measurement of electromagnetic

fields, it is necessary to (1) replace the narrow band LO by a
short, wideband probe and (2) augment the optical super-
position of HD by a wave mixing of the probe and signal. In
addition, for quantum signals, one needs to access all
moments of the statistics of the measured field amplitude,
in the same way that HD with a sufficiently strong LO
enables full tomography of quantum states in the frequency
domain [3].
The first two requirements are fulfilled in a scenario where

a low-frequency signal (Ω, e.g., in the THz range) is
nonlinearly mixed with a short probe of duration Δt at a
higher carrier frequency [ω, e.g., in the near-infrared (NIR)
region]. The subcycle structure of the THz field can be
probed when ΩΔt < 1=2 and both fields are overlapped
within a small space-time volume (Δt ≃ 0, Δr ≃ 0) [4]. This
setup is at the heart of the electro-optic sampling (EOS)
scheme, where the measurement of the instantaneous electric
amplitude ETHzðtÞ of a classical field is made possible by
superposing theweak nonlinear mixing product between this
field and the probe, with the strong noninteracted part of the

probe [5]. Thanks to advances in femtosecond laser tech-
nologies [6–8], shortening of the probe duration has enabled
progress of EOS from sub-terahertz (THz) frequencies [9] to
detection of fields withΩ components extending to 100 THz
and above [10–17], in turn empowering field-resolved
spectroscopies [18,19].
In contrast to HD, it is very difficult to measure a weak

signal such as a quantum state jψTHzi with EOS. In HD, a
strong LO can amplify the signal, but in EOS the nonlinear
mixing products must remain intrinsically weak to avoid
noise induced by higher-order processes. Nonetheless,
recent experiments have ported EOS with classical probes
to the quantum regime, measuring the variance hψ jÊ2ðtÞjψi
[4,20] and two-time correlations hψ jÊðt1ÞÊðt2Þjψi [21,22]
of broadband THz vacuum fields. Such measurements are
limited by the shot noise of the probe [23], and the
contribution of the quantum signal jψi amounts only to
a few percent of the total detected noise [4,24]. This
impedes the determination of high statistical moments of
the quantum distribution, which is further exacerbated by
the Gaussian statistics of the classical probe pulses.
In this Letter, we show that EOS of quantum fields can

be dramatically improved by employing quantum probe
pulses. Specifically, entangled bright few-cycle pulses
[25,26] originating from parametric down-conversion
(PDC) can be used to carve out nonclassical statistics
[27] in a probe beam by conditioning it on intensity values
of its twin. Because the conditioning only selects events in
certain bands of intensities, we refer to these nonclassical
states as band-conditioned states (BCSs). Compared to
classical EOS probes, BCSs not only provide a sixfold
improvement in the detection of the variance, but also
extract additional information on higher statistical moments
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of the quantum distribution by simple modifications of the
conditioning protocol. This enables robust sampling of
non-Gaussian subcycle states of quantum light, for in-
stance, a few-photon cat state. Thanks to these features,
BCSs are well positioned to fulfill the needs of characteri-
zation of time-domain quantum optical beams [28] and
emerging applications in time-domain quantum spectro-
scopy [29–32].
In order to compare classical and quantum-enhanced

detection, we start with the operational principle of EOS
using coherent state jαi probes. As sketched in Fig. 1(a), a
train of NIR probe pulses (…; i; iþ 1;…, in blue) is mixed
with a train of identically prepared THz quantum states
jΨTHzi (in red) through second-order nonlinear interaction
inside an electro-optic crystal (EOX). THz-induced bire-
fringence changes the polarization state of the pulsed
probe, which is directly proportional to either the ampli-
tude or the Hilbert transform of the THz electric field
signal [28,33]. For the amplitude measurement, polariza-
tion change is converted by an ellipsometer [a quarter wave
plate (QWP) followed by a polarizing beam splitter (PBS)]
into an imbalance of photocounts Δni and registered by a
balanced photodiode (BPD) pair [5]. The temporal delay τ
introduced between the probe and the signal pulses allows
for sampling of field statistics at controlled time slices.
In terms of the probe’s polarization state, the effect of
EOS (EOX, QWP, PBS) can be mapped onto an effective

“nonlinear beam splitter” (NLBS), where the THz ampli-
tude induces an imbalance in an otherwise equal splitting of
the probe [Fig. 1(a)]. Specifically, the EOS signal is directly
proportional to the photocount difference between the two
output ports of the NLBS, where the splitting ratio after the
ellipsometer is dictated by the amplitude of the THz field in
accordance with the linearized χð2Þ model [5,23]. For small
THz input, this signal is directly proportional to the THz
amplitude (see Supplemental Material [34]).
For an incident signal ψ , the BPD pair after the NLBS

registers Δn with a probability PðΔn;ψÞ, which takes
the form

PðΔn;ψÞ ¼
Xþ∞

n¼0

PðnÞ
Xþ∞

k¼0

akðn;ΔnÞhψ jÊkjψi; ð1Þ

where PðnÞ is the probability of having n photons in the
probe, hψ jÊkjψi is the kth moment of the electric field dis-
tribution in the signal, and the ak are coefficients dependent
on the particulars of the setup [34]. Equation (1) highlights
two main contributions to PðΔn;ψÞ: (i) the second-
quantization photocount distribution of the probe and
(ii) the statistical distribution of the THz electric field, as
a parameter in the binomial distribution characteristic of the
NLBS. Isolation of the contribution of the quantum signal
can be made by decoupling it from the probe through a

FIG. 1. EOS setups for statistical sampling of quantum states of THz fields. Top row: (a) typical EOS setup, consisting of an EOX,
commonly of zinc-blende symmetry (e.g., ZnTe) [17], that mixes an orthogonally polarized ultrashort coherent probe jαi and THz field
jΨTHzðtÞi, and an ellipsometry setup (Ellips.) for measuring the weak change in the polarization state of the probe induced by the THz
field. These elements are treated as an effective NLBS. The newly proposed scheme (b) replaces the classical probe of (a) by a BCS
derived from the parametric down-conversion crystal (PDCX) and conditioned on the intensities measured in a twin branch (in green).
Bottom row: (c),(d) logarithms of the probability distributions of the number of photons in the incoming probe (the discreteness is lost in
scale) for the coherent state (c) of classical EOS and for (d) a specific BCS, where the orange region is postselected; (e),(f) relative
differential noise amplitude D [Eq. (2)] for both cases when the signal is the vacuum state of a confined THz mode such as that of
Ref. [4] (e). The amplitude is improved by a little less than 1 order of magnitude. (f) Same comparison for a cat state. There is remark-
ably little difference between the curves for the coherent probe, while the BCS probe clearly differentiates between vacuum and cat
state.
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dilation of its space-time volume [4,23]. In this case, the
distribution of EOS photocount difference PðΔn; 0Þ ¼P

n PðnÞa0ðn;ΔnÞ depends only on the statistics of the
probe, e.g., yielding a Gaussian-distributed shot noise [see
Fig. 1(c)] for a classical probe [4]. It is thus judicious to
define the relative differential noise amplitude

DðΔn;ψÞ ¼ PðΔn;ψÞ − PðΔn; 0Þ
max½PðΔn; 0Þ� ; ð2Þ

inspired by Refs. [4,20], where max½P� is the maximum of
the distribution. The magnitude of D gives a quantitative
understanding of the contribution of the quantum signal to
the overall measurement and acts as a de facto signal-to-
noise ratio. It is therefore a good optimization target for the
EOS scheme.
For an incoming broadband THz vacuum state jvac:i,

experiments have shown [4] that mixing in the NLBS
results in a DðΔn; vac:Þ signal with a peak-to-peak
deviation of about 6%, as shown in Fig. 1(e). It is perhaps
not surprising that the weakness of the coupling together
with the Gaussian nature of the shot-noise distribution can
quickly limit the determination of the full quantum sta-
tistics of the signal. As seen from Eq. (1), the photocount
distribution in the probe, and hence its second-quantized
state, play a significant role in the D measure. Indeed, for
classical EOS detection, the best signal-to-noise ratio is
achieved when the pulsed probe is devoid of technical noise
and thus operates at the shot-noise limit, reached with a
coherent state jαi characterized by a Poissonian photocount
distribution PðnÞ centered at n̄ ¼ jαj2. Led by this reason-
ing, one might conclude that the only strategy for improv-
ing the value of D is to increase the power of the coherent
probe, thus reducing the relative standard deviation in its
photocounts. This strategy is already employed in the most
optimized experiments so far [4,20,21]. Our proposal
demonstrates that it is, in fact, possible to improve the
value of D without increasing the average power of
the probe.
As we show below, engineering of the second-quantized

state of the probe can dramatically enhance the value of D.
Perhaps paradoxically, this shows that it can be beneficial
to add noise to the EOS probe, so long as its correlations
are exploited as a resource for metrology [27,39]. In our
proposed scheme, this can be accomplished with surpris-
ingly minor modifications of the classical EOS setup. To
this end, quantum-enhanced EOS starts with the generation
of spatially distinct, single mode in time [40,41] photon-
number entangled beams [green and orange lines in
Fig. 1(b)] through high-gain nonlinear mixing of a strong
classical pump (blue) with the vacuum, in a PDCX [25,27].
One train of the entangled pulses (green) produces photo-
counts Si in a square-law detector and the second (orange)
is used as a probe in the EOS setup, identical to that of
Fig. 1(a). For a given temporal delay τ, the statistical

readout of the BPD output Δni can now be conditioned on
any distribution of the Si values, yielding various meas-
urement series fΔnijSigτ.
Unconditioned detection of photocounts in either single-

mode branch would yield thermal distributions [42–44],
with excess noise compared to coherent probes. However,
conditioning of one of the measurements on the values of
the other now exploits the entanglement properties of the
twin beams and can be used to carve desired features in the
distribution of photons in the probe. To exemplify this
property, Fig. 2 depicts the calculated Wigner quasidis-
tribution of a probe, obtained with the band-conditioned
rule Si > Sthreshold [see Fig. 1(d)]. The resulting annular
shape of the Wigner representation resembles the condi-
tioning protocol, while also sporting distinct regions of
negative values, a hallmark sign of the nonclassicality of
the probe’s state [42,45].
As displayed in their Wigner representation, BCS probes

are quantum in nature and offer distinct advantages that can
be used in field-based metrology. To bring this out, we
compare side by side the D measures of a coherent and a
BCS probe when sampling two distinct cases of incoming
quantum fields: a vacuum, and a cat state with a size and
coupling to the probe adjusted so that its measured variance
is identical to that of the vacuum. In the case of the input
vacuum of Ref. [4], the BCS probes (orange line) offer a
sixfold increase in amplitude of DðΔn; vac:Þ [Fig. 1(e)].
Even more visible is the advantage of BCSs when applied
to the analysis of a few-photon cat state [42,43,45], shown
in Fig. 1(f). While the coherent probe (blue line) barely
registers any change between DðΔn; vac:Þ and DðΔn; catÞ,
the BCS probe shows a remarkable difference between the
two quantum signals. To better understand why it is so, we
rewrite Eq. (1) as

FIG. 2. First quadrant of the rotationally symmetric Wigner
quasidistribution of the upper BCS of Figs. 1(d)–1(f). On the left,
a radial cut emphasizes the relative size between the positive and
negative parts of the distribution. The latter are a direct conse-
quence of the nonclassical nature of this BCS.
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PðΔn;ψÞ ¼
Xþ∞

k¼0

χkðΔnÞhψ jÊkjψi; ð3Þ

where χkðΔnÞ represents the susceptibility of the EOS
probe to the kth moment of the electric field distribution.
Figure 3 compares the susceptibilities of the signal to the
first six moments of the electric field distribution for the
coherent probe and the BCS probe of Figs. 1(d)–1(f) and 2.
Strikingly, the susceptibilities of the coherent probe vanish
much quicker with increase in their order, relative to those
of the BCS probe. This explains the very different results
for the two cases analyzed in Figs. 1(e) and 1(f): a
pronounced distinction in the fourth-order moment
between the few-photon cat state and the vacuum is clearly
discerned by the BCS probe, while remaining almost
imperceptible for the coherent case. In fact, the improve-
ment on the measurement of the second moment of the
distribution is compounded onto each successive higher
moment. This sustained susceptibility to higher-order
moments reveals the exciting potential of BCS probes
toward robust sampling of strongly nonclassical signals and
high-precision quantum state tomography. An additional
hallmark of a BCS is its versatility. Conditioning protocols
can be engineered to generate very distinct spectra of χk
functions, as studied in the Supplemental Material for a
variety of cases [34]. In particular, it is shown that BCSs
conditioned on multiple bands feature noticeable rapidly
varying features in their susceptibilities, further aiding in

the robust discrimination and full tomography of nontrivial
input quantum states.
Losses are always detrimental in quantum experiments.

As expected for heralded photon sources [46], the metro-
logical advantage of BCSs is sensitive to the imperfections of
the setup. To model this, we consider the worst-case scenario
arising when all losses occur in a single branch of the PDC
output. This scenario leads to the strongest decrease in the
correlations between photon numbers in both branches,
which is manifested in our model as inability of square-
law detectors to act as perfect photon-number resolving
devices. By allocating all the “loss budget” to the condition-
ing branch, we thus determine a strong threshold for total
losses in the BCS. Our results [34] show that the advantage
of BCSs in EOS vanishes when total losses reach the 50%
level. As relatively high quantum efficiency detectors and
low-loss optics are readily available across the visible and the
near-infrared bands, we believe there is no fundamental
technological obstacle to the realization of quantum-
enhanced EOS with BCS probes. Furthermore, our scheme
could be adapted to loss-tolerant amplification schemes, in
line with recent demonstrations of quantum-enhanced met-
rology with squeezed states [47].
Potential limitation of high-gain PDC schemes can arise

from the higher-order nonlinear optical processes, includ-
ing recently considered pump depletion [48], cascaded
nonlinear effects [49], and third-order nonlinearities
[50–52]. Practically, these results impose an upper bound
on the parametric gain in the PDCX. More work is required
to fully understand the implications and possible avoidance
strategies of such nonlinear loss mechanisms in quantum
applications, but even with those limits, high-gain PDC
remains a very efficient mechanism for the production of
bright nonclassical states of light.
In conclusion, we introduced electro-optic sampling with

band-conditioned states, a class of nonclassical states [27]
of light based on bright entangled twin beams derived from
spontaneous parametric down-conversion [26], with post-
selection on the intensity value of one of the beams.
Through a detailed comparison with classical probing,
we demonstrated the remarkable promise of these states
toward subcycle metrology of quantum fields. Two major
improvements on the spectroscopy of quantum fields have
been detailed: a sixfold improvement over current experi-
ments, which adds up geometrically for each order of the
statistical moments of the field distribution, and versatility
in the postselection scheme, which greatly facilitates the
process of recovering each successive moment. It thus
shatters some of the current limitations of the technique
and opens the way to a full tomography of the quantum
distribution of THz and mid-IR electric fields. Remarkably,
the conditioning protocols can be applied to the raw
datasets in postprocessing; it is thus expected that the full
power of machine learning algorithms can be applied toward
a variety of optimization tasks for robust extraction of

FIG. 3. Susceptibilities to the first six moments of the distri-
bution of the electric field, for a coherent probe (blue lines) and a
BCS probe (orange lines). Although the higher moment suscep-
tibilities quickly vanish for the coherent probe, they remain large
for the BCS probe, which explains the very different outcomes of
Figs. 1(e) and 1(f).
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quantum information. In combination with quantum
enhancement, the ability to probe the dynamics of quantum
fields intrinsically in space-time promises unprecedented
experimental access to relativistic quantum electrodynamics
and time-domain quantum spectroscopy of matter.
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