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Abstract
In recent years, electro-optic sampling, which is based on Pockel’s effect between an
electromagnetic mode and a copropagating, phase-matched ultrashort probe, has been largely used
for the investigation of broadband quantum states of light, especially in the mid-infrared and
terahertz frequency range. The use of two mutually delayed femtosecond pulses at near-infrared
frequencies allows the measurement of quantum electromagnetic radiation in different space-time
points. Their correlation allows therefore direct access to the spectral content of a broadband
quantum state at terahertz frequencies after Fourier transformation. In this work, we will prove
experimentally and theoretically that when using strongly focused coherent ultrashort probes, the
electro-optic sampling technique can be affected by the presence of a third-order nonlinear mixing
of the probes’ electric field at near-infrared frequencies. Moreover, we will show that these
third-order nonlinear phenomena can also influence correlation measurements of the quantum
electromagnetic radiation. We will prove that the four-wave mixing of the coherent probes’ electric
field with their own electromagnetic vacuum at near-infrared frequencies results in the generation
of a higher-order nonlinear correlation term. The latter will be characterized experimentally,
proving its local nature requiring the physical overlap of the two probes. The parameters regime
where higher order nonlinear correlation results predominant with respect to electro-optic
correlation of terahertz radiation is provided.

1. Introduction

Nonlinear quantum optics [1] has been of paramount importance for recent technological developments in a
multitude of research fields, from optical quantum communication [2], quantum computing [3] to quantum
spectroscopy [4] and quantum metrology [5]. In particular, the optimization of nonlinear photon–photon
interaction has been crucial for the implementation of new platforms for quantum logic integrated on-chip
[6–8] and of building blocks for efficient entanglement and squeezed radiation generation, which is
fundamental for improved performances in quantum sensing [9].

Nonlinear interaction of photons at different frequencies has been particularly significant for the
metrological study of fundamental states of electromagnetic radiation, especially in the mid-infrared (MIR)
and terahertz (THz) frequency range. In alternative to commonly used heterodyne detection, an established
measurement scheme compatible with the investigation of the most fundamental broadband states of
electromagnetic radiation has been developed through electro-optic sampling (EOS) [10]. This
measurement technique exploits the Pockels effect in a material with χ(2) nonlinearity to map the amplitude
of the investigated electromagnetic field on the polarization state of a phase-matched femtosecond pulse. The
use of ultrashort laser pulses insures the subcycle resolution of the electromagnetic radiation under study
both in space and in time and the nonlinear properties of the material determine the large detection
bandwidth of the technique.
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Experimental implementations of electro-optic detection have led to the first measurements of the
statistical properties of the electromagnetic vacuum in the MIR frequency range [11, 12], through a
parametric study of the detection system’s shot noise. These results have led to further theoretical proposals
in the field of quantum metrology for the exploration of higher order noise distributions of the
electromagnetic vacuum [13–16].

In previous works, we have presented a further development of the electro-optic field detection technique
involving the use of two probing pulses, which enables the measurement of electromagnetic radiation in
distinct space-time points. This opened up the possibility of investigating both second- [17] and first-order
coherence on an electromagnetic quantum state of radiation, which provides access to its spectral content
after a Fourier transformation. We have experimentally proven that the developed electro-optic field
correlation measurement scheme allows access to the spatial and temporal coherence of the electromagnetic
quantum vacuum in the THz frequency range [18]. In particular, our latest results [19] investigating field
correlations with spatially separated beams have provided the first experimental proof of a fundamental
hypothesis in quantum electrodynamics, which claims the quantum vacuum to be correlated outside the
relativistic light cone [20].

In order to improve the accuracy of quantum metrology measurements based on electro-optic sampling,
a strong confinement of the probing radiation in both space and time is needed. However, the presence of a
strong local probing electric field will influence the measured electromagnetic state through quantum
back-action [21] as well as lead to the appearance of competing higher-order nonlinear phenomena. In fact,
in a recent theoretical work [22], the higher order nonlinear mixing of the electromagnetic radiation studied
with the local probing laser field has been proposed in combination with homodyne detection as an
alternative method for quantum noise distribution measurements with efficient background suppression.

In this work, we will present the experimental results of electro-optic field correlation measurement
obtained using highly confined probing laser beams with a strong spatial overlap. Our results present a
significant deviation from the expected electro-optic field correlation caused by second order nonlinear
mixing of the probe pulses with the thermally populated photons in the THz regime studied in our previous
works [18, 19]. We will prove that the unexpected field correlation observed arises from a third-order
nonlinear mixing of the probe pulses with the electromagnetic vacuum at their own near-infrared frequency,
therefore reporting, for the first time to our knowledge, the experimental verification of a nonlinear
electric-field correlation on the electromagnetic vacuum due to the higher order nonlinearity term χ(3).

In order to validate our hypothesis, the dependence of the detected field correlation measurement on the
experimental parameters will be investigated and the parameters range in which third-order nonlinear
phenomena become predominant with respect to more conventionally defined electro-optic detection will
be specified. Our novel findings provide therefore a first experimental verification of the relevant parameter
space in which a previously not hypothesized form of measurement back-action on electro-optic correlation,
namely vacuum-assisted third-order nonlinear field correlation, can occur.

The paper is organized as follows. In section 2, we investigate both theoretically and experimentally the
effect of the third-order non-linearity caused by a small NIR electric field component polarized
perpendicular to the original probe polarization onto the balanced detection scheme by modulating one
beam and detecting its influence on the copropagating one. In the third section, we investigate how the NIR
vacuum fluctuations polarized perpendicular to the coherent probe introduce the same nonlinear mixing
process and lead to a correlation in the electro-optic detection of the two probe beams. We also show that the
signal arises only from the physical overlap of the two probing beams, a feature that is exploited in the
non-local measurements of vacuum fluctuations.

2. Third order nonlinear balanced detection

Before analyzing the influence of higher-order nonlinearity onto the field correlation measurements of
quantum states of light, we first reduce the complexity to a coherent measuring scheme. Two mutually
delayed near-infrared fs-laser pulses are overlapped in a ⟨110⟩-cut zinc telluride (ZnTe) crystal as it is also the
case within the correlation measurement. Then we investigate both—theoretically and experimentally—how
a third-order nonlinear mixing between the two probe pulses could introduce an additional signal in the
typical electro-optic detection scheme on one of the two beams.

Within the commonly used one-beam electro-optic sampling scheme, one linearly polarized fs-probe
beam is overlapped with a THz-field within a nonlinear crystal. The second-order nonlinear interaction of
the probe and THz field introduces an additional near-infrared field perpendicular to the original probe
polarization (see figure 1). The interaction can be also understood in terms of a birefringence of the
nonlinear crystal induced by the THz field. The following balanced ellipsometric measurement analyses the
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Figure 1. Balanced ellipsometry detection. (a) Electro-optic detection in ZnTe is determined by the change in polarization (red
dashed line) of a femtosecond probe pulse E⃗p(t) due to its second order nonlinear interaction with a phase matched THz electric

field E⃗THz(t) (solid black line). (b) Relative orientation of the laboratory axis (in black) and ZnTe crystallographic axis (in orange)
with respect to the facet of the crystal.

change in polarization of the probe signal, which is proportional to the instantaneous electric field of the
THz-radiation temporarily overlapping with the sampling probe.

For the ellipsometric analysis of the probe beam a quarter-wave plate is followed by a polarizing beam
splitter. The difference in optical power between the two polarization components is measured using a
differential detector. The rotation of the quarter-wave plate is chosen to have zero differential signal in the
absence of any additional field generated in the nonlinear crystal. The described arrangement can be
understood in the fashion of a homodyne detection. The use combination of a quarter-wave plate mixes the
z-polarized probe field acting as a local oscillator with the x-polarized field generated in the nonlinear
crystal. The difference in photons S detected on the two diodes of the differential detector is then
proportional to the electric field Ex spectrally overlapping with the initial probe signal:

S=
1

2
cnϵ0

ˆ ∞

0
dω

η (ω)

h̄ω

ˆ
d2r⃗⊥|Ep,z (⃗r⊥,ω) |2

[
i
Ex (⃗r⊥,ω)

Ep,z (⃗r⊥,ω)
+ h.c.

]
, (1)

where c describes the vacuum speed of light, n the refractive index of ZnTe at NIR frequencies, ω the angular
frequency and η(ω) the quantum efficiency of the used detector at this angular frequency and r⃗⊥ the spatial
position on the transverse plane of the probe beam.

The typical electro-optic detection process measuring THz radiation relies on sum and difference
frequency generation [10]. The nonlinear interaction of a single mode ω within the broadband femtosecond
probe spectrum with the THz electromagnetic mode at a much lower frequency Ω leads to the creation of
modes ω±Ω. As long as the generated second-order electric field E(2) is spectrally overlapping with the
probe signal, it will introduce a differential signal S(2). The obtained electro-optic signal depending on the
time-delay τ between the THz field ETHz and the probe pulse can be expressed as:

S(2) (τ) = C

ˆ
dΩ R(Ω)ETHz (Ω)e

−iΩτ . (2)

In summary, the electro-optic signal on the balanced detector is proportional to the measured THz field ETHz
spectrally filtered by the response function R(Ω). The latter is mainly depending the absorption and
phase-matching within the detection crystal and on the spectral properties of the probe signal. Using
standard commercial laser sources generating a pulse duration in the order of 100 fs allows the detection in
the range of a few THz, while specialized lasers with pulses of only a few fs can reach frequencies up into the
mid-infrared range (MIR).

From equation (1) it can be deduced that any additionally generated field spectrally overlapping with and
polarized perpendicular to the original probe field introduces a signal on the balanced detector. Significant
third-order non-linearities have been observed in ZnTe crystals using tightly focused pulsed near-infrared
radiation [23]. Using a pump-probe detection scheme involving two mutually delayed ultrashort pulses, it
has been experimentally shown that a four-wave mixing process between a high-intensity pump and a
weaker probe electric fields can lead to the generation of a signal detectable via balanced ellipsometry. For
probing pulses with a temporal extent in the order of 100 fs, Gaussian beam waist smaller than 100 µm and
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average optical powers in the order of tens of mW, third-order nonlinear interaction has been demonstrated
to produce a probe polarization change comparable in magnitude with the one induced via electro-optic
detection of THz radiation [24, 25]. Therefore, also for our experimental arrangement, the measured signal
can be expected to be caused not only by second-order mixing but also to present a contribution from the
third-order nonlinearity of ZnTe:

S= S(2) + S(3). (3)

2.1. Classical description of third order nonlinear balanced signal
In the following, the predicted influence of the third-order nonlinearity within our particular experimental
configuration will be presented and we will follow the derivations reported in [24, 26]. We assume the use of
two ultrashort probing pulses, mutually delayed by a time τ and both polarized along the ẑ direction of the
laboratory reference axis (figure 1). According to the tensor describing the third-order nonlinearity of ZnTe
(see supplementary material), a nonlinear field along the x-axis can only be introduced in the presence of a
incoming non-vanishing field along the x-axis. We will therefore assume the presence of a non-zero probe
electric field component along the x̂ axis for the initial pulse (t pulse): E⃗t(t) = (Et,x(t),0,Et,z(t)), while the
delayed pulse is purely ẑ-polarized: E⃗τ (t+ τ) = (0,0,Eτ,z(t+ τ)). For simplicity, we will focus our analysis
only on the dependence of the nonlinear signal detected by the time-delayed pulse (t+ τ pulse) due to its
third-order nonlinear interaction with its non-delayed version (t pulse).

According to the crystallographic symmetry of ZnTe [24], the higher-order nonlinear interaction
between the two ultrashort probes will result in the creation of the following third-order polarization term
along the laboratory x-axis (for further details see section I of the supplementary material):

P(3)x (t+ τ) = 2ϵ0χ44Et,z (t)Et,x (t)Eτ,z (t+ τ) . (4)

Here, ϵ0 represents the vacuum permittivity and the term χ44 = 1.5× 10−19 m2

V2 is the relevant component
of the third-order nonlinear tensor in ZnTe [24]. Since the field polarized along the x-axis is much weaker
than the field components along z, only the polarization term linear in Et,x is taken into account in
equation (4). Furthermore the created nonlinear field E(3) is only copropagating with the delayed pulse for a
mixing between Et,z and Eτ due to phase-matching. Polarization terms proportional to E2t,zEt,x and E2τ,zEt,x
are copropagating with the non-delayed pulse and therefore not reaching the balanced detector.

Following the steps presented in [26] in the case of classical fields, the third-order nonlinear field E(3)x can
be derived and inserted into equation (1). Assuming for the two interacting ultrashort probes a Gaussian
distribution both in space and in the frequency domain (see supplementary material section I for details),
the expression in equation (1) can be simplified as follows:

S(3)τ (τ) =
χ44ωpNτ Ẽt,xẼt,z

ncw2
0

ˆ +∞

−∞

ˆ +∞

−∞
dω ′ dω ′ ′ Γ(ω ′,ω ′ ′)Aoverlap. (5)

Here, ωp represents the central frequency of the ultrashort probing pulse and w0 its Gaussian waist. The
amplitude at focus of the electric fields’ components of the non-time delayed probe along the x̂, ẑ direction is
indicated as Ẽt,x, Ẽt,z respectively. The quantity Nτ represents the total number of photons in the temporal
delayed pulse impinging on the balanced detector. The function Aoverlap describes the spatial overlap of the
two ultrashort probe pulses propagating along the nonlinear material (see supplementary material section I
equation (19)). The function Γ(ω ′,ω ′ ′) indicates the convolution of the spectral distributions of the electric
fields involved in the nonlinear mixing and effectively represents the spectral intensity autocorrelation
function of the two pulses.

As predicted in [24], equation (5) indicates the possible presence of a higher order nonlinear balanced
signal S(3)(τ) due to the interaction of two ultrashort probing pulses polarized along the ẑ axis in ZnTe. As it
is characteristic for third-order nonlinear phenomena, the amplitude of the signal generated results directly
proportional to the product of the two electric field components Ẽt,x, Ẽt,z (and therefore to the overall
intensity) of the femtosecond pulse. This dependence also clarifies the direct connection between the arising
of the higher order nonlinear balanced signal S(3)(τ) and the presence of a non-vanishing component of the
t probing pulse along the x̂ direction. Moreover, the mutual interaction of the two laser probes leads to the
generation of a signal S(3)(τ) which represents in the time domain their intensity autocorrelation function,
as derived in equation (16) of section I in the supplementary material.

2.2. Experimental verification of third order nonlinear balanced signal
In order to verify the presence of the third order induced balanced detection signal S(3)(τ) predicted in
equation (5) we have implemented the experimental setup sketched in figure 2(a). The setup is similar to the
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Figure 2. Third order balanced coherent detection. (a) Experimental setup used for coherent nonlinear signal detection via
balanced ellipsometry. Both t and t+ τ probes are polarized along the ⟨001⟩ axis of the ZnTe crystal, which coincides with the
z-axis of the laboratory reference frame. The acquisition of the signal has been performed with a lock-in at the optical chopping
frequency of f = 600 Hz. BD= balanced detectors, WP=Wollaston prism, QWP= quarter waveplate. (b) Normalized
experimental third-order balanced signal s(3)(τ) (faded line) recorded for different probing power of the interacting pulse Pt and
their respective Gaussian fitting functions (solid lines). The experimental timetraces have been recorded with a temporal

resolution of 33 fs and an integration time of 2 s per point. (c) The peak amplitude of the experimental signal s
(3)
peak(τ) presents a

linear dependence with the power Pt of the copropagating interacting pulse. The uncertainty on the experimental measurement is
derived from the uncertainty of the fitting parameters. (d) The extracted temporal full-width half maximum τp of the two
interfering femtosecond pulses is retrieved from the Gaussian fitting function g(τ). The uncertainty on the reported value
represents the 2σ confidence interval and it has been obtained from the uncertainty of the fitting parameters.

one reported in [25]. The ultrashort pulsed radiation generated by a Ti:Sapphire laser at a wavelength of
800 nm is divided into two equal optical paths. A delay stage on one of these paths allows an adjustable
temporal delay τ between the two identical femtosecond pulses. They are subsequently collected by a system
of short focal-length lenses and focused with a Gaussian beam waist of w0 = 10 µm in the 1 mm long ZnTe
crystal placed at the center of the lens system. The influence of the third-order nonlinear interaction between
the femtosecond probes can be investigated by acquiring the balanced ellipsometry signal registered by the
time delayed t+ τ probe S(3)(τ) via a lock-in acquisition system. No external source at THz frequencies is
present and the generation of THz electromagnetic radiation via optical rectification is inhibited by the
choice of the probes polarization direction along the ẑ laboratory reference axis. The two femtosecond probes
present as well a residual electric field component along the x̂ laboratory axis, due to the non-perfect
extinction ratio of the polarizers. The polarization components of the two probes present values of
Pt,z = 6.3 mW, Pτ,z = 7.2 mW and Pt,x = 170 µW, Pτ,x = 120 µW at the detection crystal facet along the ẑ, x̂
axis of the laboratory reference frame respectively.

While in the context of electro-optic sampling the electric field strength of the THz radiation is usually

retrieved by dividing the obtained signal S with the constant C=
r41n

3lωpN
c , this type of normalization does not

give a physical value for the signal introduced by third order nonlinear mixing. To still compare experimental
data independent of the used probe power, the overall signal S has been normalized by the total number of

detected photons N, which gives the relative change of the differential current in the detector s(3) = S(3)

N .
The experimentally obtained normalized balanced signal s(3)(τ) recorded as a function of the pulses

temporal delay τ is presented for different powers of the copropagating t probing pulse Pt in figure 2(b). All
experimental results have been collected maintaining the optical power of the detection t+ τ pulse constant.
As it can be clearly observed in figure 2(b), the amplitude of the nonlinear signal s(3)(τ) appears to decrease
significantly as a function of the t probe power Pt. In order to obtain a more accurate estimation of the
s(3)(τ) amplitude dependence, the experimental data in figure 2(b) have been fitted with a Gaussian function

of the form g(τ) = c+ aτ + bexp(− 4 ln(2)(τ−d)2

γ2 ). As clearly shown in figure 2(c), the peak amplitude of the

fitted signal s(3)peak(τ) with respect to the baseline aτ presents a direct proportionality to the intensity of the

5



New J. Phys. 26 (2024) 043017 F F Settembrini et al

interacting probing pulse Pt, decreasing from a value of 2.2× 10−3 for Pt = 6.3 mW to a value of 3× 10−5 in
the case of Pt = 0.1 mW. This experimental result is in good accord with the intensity dependence of a signal
generated via third-order nonlinear interaction, as reported in equation (5).

As proposed in [24] and derived in equation (5), the experimental data reported in figure 2(b) should
also correspond in the temporal domain to the intensity autocorrelation of the two interacting pulses
⟨I(t)I(t+ τ)⟩. From the fitting parameter γ, the temporal extent of the two ultrashort NIR probes can be
extracted through the relation τp = 0.7γ [27]. The results obtained from the experimental data reported in
figure 2(b) are presented in figure 2(d). For all the t pulse power values, the estimated temporal extent of the
pulses τp results constant and equal to τp = 200 fs. The result is in good agreement with the estimated value
of the temporal extent of the femtosecond pulses τp employed in our experiment (for further information on
the experimental value estimation see Note D of supplementary material in [19]).

3. Nonlinear electric field correlation of quantum electromagnetic radiation

Before discussing the influence of third-order nonlinear processes on the detection of quantum states of
light, we will briefly introduce how electro-optical sampling is used to perform field correlation
measurements on these states. According to the study of Moskalenko et al [26] the spectral electric field
ETHz(Ω) can be replaced by its operator Êx(Ω) in equation (2). The resulting electro-optic signal operator
Ŝ(2) is proportional to the electric field operator Êx(Ω) filtered by a frequency-dependent responsivity
function R(Ω). Furthermore, the presence of vacuum field fluctuations at any frequency, polarization and
propagation direction must be also taken into account. As a result, a NIR vacuum state of both polarization
directions is copropagating with the probe beam. While any field fluctuations along z-polarization are
eliminated within the balanced detection scheme, x-polarized vacuum fluctuations spectrally overlapping
with the probe signal will introduce a fluctuating signal in the balanced detector Ŝn (see equation (1)). This
noise term describes the well-known shot-noise of a photodetector in the balanced detection scheme, which
is the fundamental noise limit of electro-optic sampling [11, 12, 26].

In addition, the data acquisition method differs significantly between coherent radiation measurement,
as in classical THz time-domain spectroscopy, and the detection of quantum states, such as vacuum
fluctuations. Coherent THz or MIR fields with a fixed phase relation to the probe pulse electric field allow for
the averaging of the signal detected by many subsequent pulses. During the averaging process, shot noise is
reduced and the expectation value of the measured signal operator is obtained. For incoherent quantum
states, such as the ground state of light or thermal states, the expectation value of the electric field operator
vanishes. Instead, the presence of those fluctuating fields manifests in the finite variance of the operator,
which can be accessed by acquiring the signal for each individual pulse. Using few-fs pulses to access the MIR
frequency range, it has been shown that the variance for the electro-optic signal measuring the ground state
of light exceeds the shot-noise level due to the interaction with the vacuum fluctuations [11].

Furthermore, by the use of two individual probe pulses the electric field of the investigated quantum state
can be accessed in two different points in space and time. The correlation of the two signals can be related to
the field correlation G(1) of the particular state. Besides the additional information about the temporal and
spatial coherence, the expectation value of the field correlation is non-zero, while the shot-noise of the two
detectors is uncorrelated. Consequently the signal-over-noise ratio improves under averaging, which is
crucial to be sensitive to the significantly weaker vacuum fluctuations in the lower frequency range of THz.

Figure 3(a) schematically presents how the correlation between two electro-optic signal operators Ŝ(2)t

and Ŝ(2)τ is induced by the presence of vacuum fluctuations in the THz regime. Both signals interact with the

same vacuum state at two different points in time and space. The second-order fields Ê(2)t,x and Ê(2)τ,x contain
information about the THz vacuum field and are measured in homodyne detection. The corresponding
signal operators are both proportional to the THz field operator and, as a result, are correlated with each
other.

At the same time, we must carefully consider any other factor that may contribute to the two signals and
potentially introduce a correlation. The imbalance on the differential detector can also be caused by thermal
drifts in the optical setup Sdrift or other coherent mixing processes Scoh as the third-order nonlinearity
described in section 2, which have to be added to the overall signal:

Ŝ= Sdrift + Scoh. + Ŝ(2) + Ŝn + . . . (6)

In particular, thermal drifts and coherent mixing between the two laser pulses alter the signal on both beams
similarly, resulting in additional correlation. To eliminate those unwanted contributions to the obtained
signals, we utilize a technique called ‘RF-referencing’. The measurement of each of the sampling pulses is
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Figure 3. Comparison between correlations induced by second-order nonlinear mixing with the THz vacuum state (a) and by a
third-order nonlinear mixing with the NIR vacuum field (b). (a): Both probe-fields Ept,z and Epτ,z polarized along the z-axis

interact individually with the same x-polarized vacuum field in the THz regime ÊTHzx in a second-order nonlinear mixing process.

The created nonlinear fields E
(2),t
x and E

(2),τ
x are co-propagating with their respective probe pulses to the balanced detection

scheme, where the z-polarized field acts as a local oscillator to measure the x-polarized nonlinear field. The electro-optic signals
on both detectors are proportional to the THz vacuum field and therefore a non-vanishing correlation G(1)(τ, δ⃗r⊥)∝
⟨Ŝ(2)t · Ŝ(2)τ ⟩ between the two signals can be observed. (b) Due to the third-order nonlinear susceptibility of ZnTe, the two electric
probe fields E⃗pt,z and E⃗pτ,z can mix with the perpendicularly polarized NIR vacuum field co-propagating with one of the two probe

signals, e.g. the non-delayed beam Êvac.,tx . The k-vector of the generated nonlinear electric field Ê
(3)
x is determined by the

phase-matching and parallel to the other probe field, in this case the delayed signal E⃗pτ,z. In the homodyne mixing between those

two fields, a signal S(3) proportional to the causing NIR vacuum field. The very same vacuum field is mixing on the other
homodyne detection line with E⃗pt,z causing the shot-noise and leading to a non-vanishing correlation between the two signals.

referred to their respective temporal adjacent pulse. They are described by the operators Ŝ(t+Trep, r⃗) and
Ŝ(t+ τ +Trep, r⃗+ δ⃗r⊥) respectively. Here the quantity Trep represents the time occurring between each
couple of measurement pulses. As described in the Methods section of [18], the measured correlation
function will be given by the expression:⟨(

Ŝ(t)− Ŝ
(
t+Trep

))(
Ŝ(t+ τ)− Ŝ

(
t+ τ +Trep

))⟩
. (7)

This specific measurement configuration will allow the efficient suppression of systematic coherent noise
affecting each individual pulse equally, such as higher-order nonlinear balanced signal S(3)(τ) described in
section 2.2, and long time drifts, such as 1/f-noise. Therefore, it confers to the nonlinear field correlation
measurement technique sensitivity only to radiation presents with a coherence time smaller than Trep by
design. Assuming no further influences on the imbalance signal Ŝ than in equation (6), the measured
correlation using RF-referencing will be dominated by the correlation between the two electro-optic signals
caused by the THz vacuum fluctuations. Consequently, it is proportional to the first-order field correlation
function of the investigated vacuum state within the detection bandwidth:

G(1) (τ ; r⃗1, r⃗2) =
⟨{

Ê(t, r⃗1) , Ê(t+ τ, r⃗2)
}⟩

∝
⟨{

Ŝ(2) (t, r⃗1) , Ŝ
(2) (t+ τ, r⃗2)

}⟩
. (8){

,
}
indicates the anti-commutator of the two operators and

⟨ ⟩
the quantum mechanics expectation value

applied to the investigated quantum state of light. Since the two beams can be moved individually inside the
crystal in arbitrary positions r⃗1 and r⃗2, the first order correlation function G(1)(τ ; r⃗1, r⃗2) can be investigated
both in space and time [18, 19].
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The discussion so far considers the third-order nonlinear mixing process only in the presence of a
coherent x-polarized NIR field. The agreement of experimental correlation measurements on the ground
state of light and theoretical predictions of G(1) supports this assumption. At the same time, vacuum
fluctuations in the NIR are copropagating with the probe signal and its x-polarized component is causing the
shot-noise on the balanced detectors. As depicted in figure 3(b) the very same vacuum state can introduce an
additional incoherent signal Ŝ(3) on the other probe signal via third-order nonlinear mixing, which is then
correlated to the shot-noise of the initial pulse. Due to the incoherent nature of the causing vacuum
fluctuations, RF-referencing cannot remove this type of signal and it can affect the measurement of G(1)(τ),
especially when using tightly focused beams, which are overlapping temporally and spatially inside the
nonlinear crystal.

In the following subsection, we derive the correlation between this incoherent third-order nonlinear
signal and the shot-noise on the detector of the other probe signal. Afterward, we demonstrate that in a
similar experiment as shown in [18] but using tightly focused beams, the measured correlation will deviate
strongly from the expected behavior of G(1). The further investigation of the observed correlation depending
on different experimental parameters in section 3.3 agrees well with the theoretical predictions for the
mentioned higher order correlation introduced by a third-order nonlinear mixing process.

3.1. Quantum description of third-order nonlinear correlation of electromagnetic radiation
For simplicity, we will consider the influence of the electromagnetic vacuum Êvac.,tx copropagating with the
non-time delayed t probe Ept,z(t) on the quantum balanced ellipsometry signal detected by the time delayed
t+ τ probing pulse Epτ,z(t+ τ). Both probes are polarized along the ẑ axis of the laboratory reference frame,
as indicated in the pedices notation. The symmetric process obtained by exchanging the roles of time-delayed
and not time-delayed probes can be shown to be formally equivalent.

According to second quantization formalism, the amplitude of the electromagnetic vacuum at NIR

frequency can be described as Êvac = i
∑

k

√
h̄ωk

2ϵ0n2V

[
âke−iωkt+i⃗k·⃗r − â†ke

iωkt−i⃗k·⃗r
]
. Here the quantum operator

â(†) describes the destruction (creation) of a NIR mode of frequency ωk propagating with wavevector k⃗
inside the nonlinear material. In analogy with equation (4), the third-order nonlinear polarization arising
due to the interaction of the quantum electromagnetic vacuum with the high-intensity classical electric field
of the two probes can be written as:

P̂(3)x (t+ τ) = 2ϵ0χ44E
p
t,z (t)E

p
τ,z (t+ τ) Êvac.,tx . (9)

The term P̂(3)x (t+ τ) reported in equation (9) serves as a source term for the generation of the additional
polarization component of the temporal delayed t+ τ laser pulse Ê(3)(t+ τ), as indicated in figure 3. The
latter induces the balanced nonlinear signal at the photodetector described via the quantum mechanic
operator Ŝ(3)(t+ τ, δ⃗r⊥). It can be expressed as (for detailed derivation, see section II A of supplementary
material):

Ŝ(3) (t+ τ, r⃗+ δ⃗r⊥) =
1

2
cnϵ0

ˆ +∞

0
dω

η (ω)

h̄ω

ˆ
d2r⃗⊥|Epτ,z (ζ) |2

[
i

Ê(3)

Epτ,z (ζ)
+ h.c.

]

=−2χ44E
p
tNτωc

3cn

ˆ
d2r⃗⊥g

2
0

(⃗
r− δ⃗r⊥

2

)
g0

(⃗
r+

δ⃗r⊥
2

)∑
k̃

√
h̄ωk̃

2ϵ0ϵrV

×
[
âk̃e

−iωk̃t+i⃗̃k·δ⃗r⊥R
(
k̃y,ωk̃

)
− h.c.

]
. (10)

Here the functions g0(⃗r± δ⃗r⊥
2 ) represent the Gaussian spatial distribution of the two probing pulses centered

symmetrically at± δ⃗r⊥
2 with respect to the origin of the laboratory reference frame (at the crystal center). Nτ

indicates the number of photons of the t+ τ probe effectively measured at the photodetector. The function
R(k̃y,ωk̃) represents the responsivity of the third-order nonlinear interaction, which is dependent on the

phase matching condition of the near-infrared modes with component k̃y along the pulses propagation

direction and frequency ωk̃. R(k̃y,ωk̃) is only non-vanishing for the propagation direction k̃y parallel to the
propagation of the not delayed probe field Eτ and for frequencies ωk̃ within the NIR spectral range. Any
other k-vector is not supported by phase-matching and frequencies outside the region of the NIR probe
spectrum do not create a third-order nonlinear field overlapping spectrally with the probe field.
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The quantum vacuum at near-infrared frequencies Êvac.,tx is responsible for the generation of shot noise
associated with its photodetection, as also appearing directly in [26]. The measurement of the latter is
described through the quantum mechanics operator Ŝn,t:

Ŝn,t(τ) =
1

2
cnϵ0

ˆ +∞

0
dω

η (ω)

h̄ω

ˆ
d2r⃗⊥

[(
Ept(τ),z (ζ)

)∗
iÊvac.,t(τ)x + h.c.

]
=−Ntωc

Ept,z

∑
k̃ ′

√
h̄ωk̃ ′

2ϵ0ϵrV

[
âk̃ ′e

−iωk̃ ′ t+ĩk ′
xO

i
t − h.c.

]
f
(
ωk̃ ′

)
Γ
(
k̃ ′x, k̃

′
z

)
.

(11)

The functions f(ωk̃ ′) and Γ(k̃ ′x, k̃
′
z) indicate the detection responsivity for a single electromagnetic

quantum vacuum mode characterized by frequency ωk̃ ′ and transverse wavevectors components k̃ ′x, k̃
′
z

respectively. An equivalent expression can be derived for the shot noise operator Ŝn,τ of the delayed t+ τ
probe.

Following the derivations present in literature, the quantum mechanics operator Ŝ describing the
complete result of the balanced ellipsometry measurement performed by the two femtosecond pulses in the
space-time points (t, r⃗),(t+ τ, r⃗+ δ⃗r⊥) individually can be written as a sum of the following contributions:

Ŝt (t, r⃗) = Ŝ(2) (t, r⃗)+ Ŝ(3) (t, r⃗)+ Ŝn,t, (12a)

Ŝτ (t+ τ, r⃗+ δ⃗r⊥) = Ŝ(2) (t+ τ, r⃗+ δ⃗r⊥)+ Ŝ(3) (t+ τ, r⃗+ δ⃗r⊥)+ Ŝn,τ . (12b)

Here the operators Ŝ(2)(t, r⃗), Ŝ(2)(t+ τ, r⃗+ δ⃗r⊥) are related to the electro-optic measurement of THz
electromagnetic radiation, as defined in [18]. Rewriting equation (7) as a function of the quantum operators
defined in equation (12a) and equation (12b), the final experimental result will be given by the expectation
value of the quantum operator on a thermally populated radiation state. Taking into consideration only the
lower nonlinear contribution terms, the result will read:⟨{

Ŝt(t, r⃗), Ŝτ (t+ τ, r⃗+ δ⃗r⊥
}⟩

=
⟨{

Ŝ(2)(t, r⃗), Ŝ(2)(t+ τ, r⃗+ δ⃗r⊥)
}⟩

+
⟨{

Ŝ(3)(t, r⃗), Ŝn,τ
}⟩

+
⟨{

Ŝ(3)(t+ τ, r⃗+ δ⃗r⊥), Ŝn,t
}⟩

. (13)

Here,
{
,
}
indicates the anti-commutator of the two operators and

⟨ ⟩
the quantum mechanics expectation

value on a quantum thermal state of radiation, which can be formally described as a statistical mixture state.
According to quantum mechanics, the only non-vanishing terms upon computation of the expectation value
of equation (13) will be terms presenting both the normally ordered â†â and not normally ordered ââ†

creation and destruction operators relative to the same electromagnetic mode. The first surviving term⟨{
Ŝ(2)(t, r⃗), Ŝ(2)(t+ τ, r⃗+ δ⃗r⊥)

}⟩
represents the electro-optic electric field correlation G(1)(τ, δ⃗r⊥) of THz

electromagnetic radiation, as defined in [18, 19]. The additional terms
⟨{

Ŝ(3)(t, r⃗), Ŝn,τ
}⟩

and⟨{
Ŝ(3)(t+ τ, r⃗+ δ⃗r⊥), Ŝn,t

}⟩
are induced from the correlation of the electromagnetic vacuum responsible for

the shot noise characterizing one ultrashort probe with the third order nonlinear balanced signal induced by
the same quantum vacuum on the copropagating pulse. Due to wave-vector conservation, the nonlinear
balanced signal detected individually by each femtosecond pulse could not arise from a four-wave mixing
process induced via its own quantum vacuum. It is also important to note that the same argument cannot be
applied to the quantum vacuum fluctuations at THz frequencies, due to their very long wavelength that
relaxes the phase-matching condition.

The shot noise in the two photodetectors also results uncorrelated ⟨{Ŝn,t, Ŝn,τ}⟩= 0, as discussed in the
chapter introduction.

To summarize, a simple quantum mechanical description of both the noise characterizing the two probes
and of the incoherent nonlinear balanced ellipsometry measurement predicts, in addition to the term arising
from the THz quantum thermal radiation, the existence of two additional correlation terms⟨{

Ŝ(3)(t, r⃗), Ŝn,τ
}⟩

+
⟨{

Ŝ(3)(t+ τ, r⃗+ δ⃗r⊥), Ŝn,t
}⟩

arising from a third-order mixing between the quantum
vacuum at the NIR frequency and the propagating pulse of the other line. In other words, vacuum
fluctuations responsible for the shot noise on one line mix with the pulse on the other line and create a
correlated noise affecting the latter after the ellipsometry measurement.

3.2. Experimental verification of nonlinear field correlation
The investigation of quantum field correlation measurement on the thermally populated electromagnetic
state has been carried out using the experimental setup reported in figure 4(a). The system is similar to the
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Figure 4. Experimental quantum higher order nonlinear correlation. (a) The experimental setup for nonlinear electric field
correlation measurements allows the control of both the temporal and spatial distance between probes. The latter is controlled via
a couple of piezo mirrors, which confer a relative propagation angle of 2δθ to the two probes. The acquisition of the experimental
measurement points is performed at the repetition rate of the femtosecond laser frep = 80 MHz. BD= Balanced detectors, WP=
Wollaston prism, QWP= Quarter waveplate. (b) and (c) Experimental electric field correlation measurement results performed
with a beams’ spatial separation of δ⃗r= 0 µm in time (b) and frequency domain (c) (in faded purple). For better visualization,
the data have been filtered with a Kaiser windowing function (in solid purple). For comparison, the numerically simulated result
for the electro-optic field correlation G(1)(τ, δ⃗r⊥ = 0) of THz thermal radiation at 300 K is reported in dashed-dotted lines. In
both figures, the experimental uncertainty indicates the 2σ confidence interval.

one presented in figure 2(a), but in addition to the temporal distance between the two probing ultrashort
pulses, also their spatial distance δ⃗r⊥ in the transverse plane can be controlled via a symmetric couple of
piezo mirrors. The change in the propagation angle δθ with respect to the femtosecond pulses propagation
direction ŷ will be translated by the lens system into a spatial separation δ⃗r⊥ = fδθ. The two femtosecond
probing pulses are focused by the lens onto the detection crystal, where they will sample the same
electromagnetic state at two different space-time points. Afterward, they will be individually analyzed via
balanced ellipsometry, where the acquisition is performed at the repetition rate of the laser frep.. The
recording of the results obtained from each couple of near-infrared pulses allows the real-time computation
of the electric field correlation function as described in equation (7).

The experimental nonlinear field correlation measurement obtained using the setup presented in
figure 4(a) with overlapping sampling beams of Gaussian beam waist w0 = 10 µm, temporal extent
τp = 200 fs and peak electric field amplitude of Epz = 10 MV/m are reported in figures 4(b) and (c) in time
and frequency domain respectively. As shown in figure, the results measured using the specified set of
experimental parameters for perfectly overlapping sampling beams δ⃗r⊥ = 0 differ significantly both in
amplitude and most importantly in spectral content from the expected electro-optic THz field correlation
G(1)(τ, |δ⃗r⊥|= 0) generated via blackbody emission from the environment at 300 K, also shown for
comparison. The latter has been numerically estimated using the expression reported in equation (2) of [18]
and the experimental parameters of the femtosecond probing pulses employed in the experiment.

The experimental field correlations have been filtered with a Kaiser windowing function, in order to
reduce the presence of noise-induced artefacts (for more information see supplementary Note 3 of [19]).
Similarly to the data in section 2, the experimental results are normalized with the total number of detected
photons of the respective detector Nt and Nτ , so we obtain the correlation between the relative signals:

⟨̂st (t, r⃗) · ŝτ (t+ τ, r⃗+ δ⃗r⊥)⟩=
⟨Ŝt (t, r⃗) · Ŝτ (t+ τ, r⃗+ δ⃗r⊥)⟩

Nt ·Nτ
. (14)

To compare the data to previous measurements [18, 19] of the electro-optic field correlation G(1)(τ, δ⃗r) a
second scale converting the correlation of the relative signal to the corresponding field correlation in V2m−2

has been added on the right side of the plots.
As reported in figure 4(b), the amplitude of the experimental signal presents a peak-to-peak amplitude of

around ⟨̂st(t) · ŝτ (t+ τ)⟩pp = 2.3× 10−10, which results approximately ten times larger than the expected

correlation of THz photons ⟨̂s(2)t (t) · ŝ(2)τ (t+ τ)⟩pp = 2.5× 10−11. The two curves present significant

10



New J. Phys. 26 (2024) 043017 F F Settembrini et al

Figure 5. Quantum higher order nonlinear correlations as a function of beam separation. (a) Dependence of the peak-to-peak
amplitude measured relative correlation ⟨̂st(t,⃗ r) · ŝτ (t+ τ,⃗ r+ δ⃗r⊥)⟩pp (in log scale) as a function of the transverse beam
separation δ⃗r⊥. For comparison, also the peak-to-peak amplitude of the electro-optic field correlation of THz modes
⟨̂s(2)(t,⃗ r) · ŝ(2)(t+ τ,⃗ r+ δ⃗r⊥)⟩ is reported (dash-dotted line). (b) and (c) Experimental nonlinear correlation measurements in
time (b) and frequency domain (c) for increasing δ⃗r⊥. All errorbars represent the 2σ confidence interval. (d) Numerically
computed electro-optic electric field correlation ⟨̂s(2)(t,⃗ r) · ŝ(2)(t+ τ,⃗ r+ δ⃗r⊥)⟩ at T = 300 K for spatial beams separation δ⃗r⊥
reported in (b) and (c) for non-overlapping beams.

differences as well in frequency content, as shown by their Fourier transformation in figure 4(c). The spectral
content of the numerically simulated electric field correlation G(1)(τ,0 µm) depends on the spectral
properties of the black body radiation within the bandwidth of the electro-optic detection and therefore
presents mostly contributions from higher frequency components around 2 THz. On the contrary, the
experimental spectrum derived from figure 4(b) presents maximum contributions in the low-frequency
components regions with a maximum centered at zero frequency, where there field strength of black body
radiation and vacuum fluctuations vanishes.

3.3. Experimental study of nonlinear field correlation depending on experimental parameters
The nature of the measured nonlinear correlation has been investigated by studying its dependence on
experimental parameters such as temperature, crystal length, and probing pulses’ wavelength, power, and
spatial distance δ⃗r⊥. In order to compare the nonlinear correlation measurement to the numerically
predicted results induced by electro-optic detection of thermal THz radiation G(1)(τ, δ⃗r⊥), the experimental
measurements presented in this section have also been normalized by the electro-optic correlation constant
C and reported in a scale of V2m−2 as defined in section 3.

As derived theoretically in section III A and more in detail in section II A of the supplementary material,
the higher-order nonlinear correlation term

⟨{
Ŝ(3)(t+ τ, r⃗+ δ⃗r⊥), Ŝn,t

}⟩
and the THz blackbody induced

field correlation G(1)(τ, δ⃗r⊥) will present strongly different temporal coherence characteristics, which will
strongly depend on the sampling beams transverse separation δ⃗r⊥. This dependence has been investigated
experimentally. The measured nonlinear correlation ⟨̂st(t, r⃗) · ŝτ (t+ τ, r⃗+ δ⃗r⊥)⟩ amplitude dependence on
the relative distance between the sampling probes δ⃗r⊥ is reported both in time and frequency domain in
figure 5.

In figure 5(a) the total peak-to-peak amplitude of the measured nonlinear correlation ⟨̂st(t, r⃗)·
ŝτ (t+ τ, r⃗+ δ⃗r⊥)⟩pp is reported as a function of the relative transverse distance between the sampling probes
δ⃗r⊥. As the latter increases, the nonlinear correlation significantly decreases in amplitude from a value of
⟨̂st(t, r⃗) · ŝτ (t+ τ, r⃗+ δ⃗r⊥)⟩pp = 2.3× 10−10 in the case of perfectly overlapping sampling beams
|δ⃗r⊥|= 0 µm to a value of ⟨̂st(t, r⃗) · ŝτ (t+ τ, r⃗+ δ⃗r⊥)⟩pp = 3.7× 10−12 for a transverse beam separation of
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|δ⃗r⊥|= 175 µm. As shown in figure by comparison with the numerically simulated result, for spatially
overlapping sampling laser probes the measured correlation is dominated by higher-order nonlinear terms

⟨̂sn,t · ŝ(3)τ (t+ τ, r⃗+ δ⃗r⊥)⟩+ ⟨̂s(3)t (t, r⃗) · ŝn,τ ⟩, while for sampling beams with a spatial transverse distance equal
several times their diameters the experimental results are well predicted by the electro-optic field correlation
of THz thermal radiation G(1)(τ, δ⃗r⊥). A similar behavior can be observed also employing different
nonlinear ZnTe detection crystals of various lengths, as shown in section III in the supplementary material.

As expected, the experimental correlation measurements performed for different probing beams’
distances present significant differences not only in amplitude but in the extent of their temporal coherence
as well, as it is reported in figure 5(b). The experimental result measured in the case of |δ⃗r⊥|= 0 µm
preserves its temporal coherence for a time of 0.5 ps. An increase in spatial distance between sampling probes
δ⃗r⊥ correlates on the other hand with an increased temporal extent of the nonlinear correlation, which is
preserved for over 2 ps for all the measurements. This difference is reflected in the spectral content of the
sampled broadband radiation in the case of overlapping and non-overlapping sampling pulses, which are
reported in figure 5(c). As it can be seen in figure, the spectral content of the nonlinear correlation measured
with |δ⃗r⊥|= 0 µm presents a large bandwidth of 3.5 THz with the majority of the contributions given by
lower frequency modes around 0 THz, in good agreement with a major contribution stemming from the

higher-order nonlinear correlation ⟨̂sn,t · ŝ(3)τ (t+ τ, r⃗+ δ⃗r⊥)⟩+ ⟨̂s(3)t (t, r⃗) · ŝn,τ ⟩. On the other hand, the
experimental result obtained with the sampling beams non-overlapping inside the nonlinear material
|δ⃗r⊥|> 50 µm show low spectral contributions from the low-frequency region. Moreover, their spectral
contents present a varying bandwidth and peak contribution frequency, which decrease from a value of
3 THz and 1.5 THz respectively for the measurement performed with |δ⃗r⊥|= 50 µm to values of 1.75 THz
and 0.75 THz for the nonlinear correlation measured with |δ⃗r⊥|= 175 µm. The decrease in bandwidth as
well as the redshift of the peak contribution frequency for nonlinear correlation measured with non-spatially
overlapping probes (|δ⃗r⊥|> 50 µm) presents a good agreement with the numerical results for electro-optic
field correlation of thermal THz radiation, reported in figure 5(d). As it is shown in figure, the numerical
THz electro-optic correlation estimated for different transverse beams spatial separations δ⃗r⊥ present almost
identical bandwidths to the experimental results and similar redshift in the peak contribution frequency,
which decrease from a value of 3.2 THz and 2 THz respectively for the measurement performed with
|δ⃗r⊥|= 50 µm to values of 1.4 THz and 0.6 THz for the nonlinear correlation measured with
|δ⃗r⊥|= 175 µm. The redshift of the peak contribution frequency of the THz electro-optic correlation can be
intuitively explained in the spatial domain with electromagnetic modes of wavelength equal or smaller than
twice the spatial transverse distance between the sampling pulses providing negative or null contributions to
the measured field correlation.

In order to corroborate the hypothesis on the origin of the higher-order nonlinear correlation from a
vacuum-assisted four-wave mixing of the overlapping probing pulses, a further analysis of its dependence on
the experimental parameters has been performed. The experimental results obtained as a function of
different crystals, environment temperature and probes’ power and wavelength are reported in figure 6. All
the measurements shown have been performed with perfectly overlapping sampling beams |δ⃗r⊥|= 0 µm.

The higher-order nonlinear correlation measurements obtained employing different lengths of the
⟨110⟩-cut ZnTe detection crystal are reported in figure 6(a). As it can be seen, the normalized nonlinear
correlation measurement performed using two distinct 1 mm long and a 2 mm long ZnTe detection crystals
are all characterized by the presence of a higher order correlation term, whose amplitude increases from a
peak value of ⟨̂st(t, r⃗) · ŝτ (t+ τ, r⃗)⟩= 1.1× 10−10 for the 1 mm long crystal to a value of
⟨̂st(t, r⃗) · ŝτ (t+ τ, r⃗)⟩= 1.4× 10−10 for the 2 mm long crystal due to the increased interaction length. All the
measurements present however similar temporal coherence, which is preserved for a period of 0.75 ps. Their
common origin in both crystals is further highlighted by their comparison in frequency domain, presented
in figure 6(b). All experimental measurements present exactly the same spectral content, with a bandwidth of
around 2 THz and the majority of the contributions originating from the lower frequency region around
0 THz. The latter is in good agreement with a nonlinear correlation signal generated via third-order
nonlinear mixing of the probes mediated via the electromagnetic vacuum, as described in equation (33) of
supplementary material in section II A.

A further indication of the third-order nonlinear origin of the measured signal is shown in figure 6(c),
where the measurements performed employing a sampling pulses probing powers of Pt = Pτ = 1.6 mW and
Pt = Pτ = 0.8 mW respectively are shown. Given the power normalization introduced in equation (14), the
experimental higher-order nonlinear correlation measurements appear to be directly proportional to the
product of the power of the sampling probes Pt, Pτ . This result is once more in good agreement with the
expected power dependency of a third-order induced nonlinear correlation, as shown in equation (33) of
supplementary material in section II A.
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Figure 6. Experimental parameters dependence. (a) and (b) Higher order nonlinear correlation measurement in time (a) and
frequency domain (b) employing two different 1 mm and a 2 mm long ⟨110⟩-cut ZnTe detection crystal. The experimental
parameters used are: Pt = Pτ = 0.8 mW, τp ≈ 400 fs, λ= 780 nm. (c) Third-order nonlinear correlation measurement for
different sampling laser pulses’ power. Both measurements have been performed using a 1 mm long ZnTe crystal, τp ≈ 400 fs and
λ= 780 nm. (d). Experimental nonlinear correlation measured utilizing pulses with a temporal duration of τp = 200 fs
(λ= 800 nm) and τp ≈ 400 fs (λ= 780 nm). The measurements have been performed using the same ⟨110⟩-cut ZnTe crystal.
(e) Effect of the temperature of the blackbody radiation detected on the higher order nonlinear correlation ⟨̂st(t,⃗ r) · ŝτ (t+ τ,⃗ r)⟩.
(f) Average number of photons per mode ⟨n⟩ according to Planck’s radiation law at different temperatures of 300 K (orange) and
4 K (yellow). The central frequency of the ultrashort probing pulse employed in the experiment ωc = 375 THz is reported in blue
dashed line. The errorbars in all the experimental measurements in figure represent the 2σ confidence interval.

The dependence of the balanced ellipsometry correlation amplitude on the pulse-length of the sampling
probe pulses τp is reported in figure 6(d). As it can be seen in figure, the use of shorter pulses τp = 200 fs
leads to a higher order nonlinear correlation of peak-to-peak amplitude of around
⟨̂st(t, r⃗) · ŝτ (t+ τ, r⃗)⟩= 2.3× 10−10, twice as large with respect to the result obtained using 400-fs-pulses due
to the higher peak power. The change in pulse length becomes also visible in the temporal extent of the
observed correlation signal, which increases with the pulse length.

The influence of the temperature T of the thermal radiation to which the ZnTe detection crystal is
exposed and, as a consequence, of the average number of photons per mode ⟨n⟩ populating the incoherent
quantum radiation responsible for the nonlinear correlation is reported in figure 6(e). As shown in figure,
the change in temperature T of the blackbody radiation measured does not affect significantly the amplitude
of the higher order nonlinear correlation amplitude, which increases from a peak-to-peak value of
⟨̂st(t, r⃗) · ŝτ (t+ τ, r⃗)⟩= 2.3× 10−10 at T= 300 K to a value of ⟨̂st(t, r⃗) · ŝτ (t+ τ, r⃗)⟩= 2.5× 10−10 at T= 4 K.
The experimental result is in good agreement with a higher-order correlation term generated via the
electromagnetic vacuum at NIR frequencies. As it can be seen in figure 6(f), the average number of photons
per mode ⟨n⟩ at NIR frequencies, given by Planck’s radiation law, in the frequency range around the central
frequency of the infrared probing pulse ωc = 375 THz remains below a value of ⟨n⟩< 10−14 for both
temperatures.

4. Conclusion

In this work, we have shown how third-order nonlinearity at NIR frequencies can affect the balanced
ellipsometry measurement performed with ZnTe, both on the signal measured by the individual pulses and
most importantly on their correlation.

In section 2.1 we have derived theoretically the properties in time and in frequency domain of the
third-order coherent signal induced on each of the sampling pulses due to their mutual interaction in the
nonlinear material. The predictions have been corroborated by the experimental results reported in
section 2.2.

13



New J. Phys. 26 (2024) 043017 F F Settembrini et al

In a balanced field correlation measurement, third-order nonlinearities have also been shown to play a
significant role in the generation of correlation between the incoherent signals measured by the two sampling
pulses. As proven theoretically in section 3.1, the electromagnetic vacuum at NIR frequencies characterizing
the noise of one pulse can interact with the copropagating one inside the nonlinear medium, leading to the
change of its polarization. Upon measurement, the vacuum-induced change in polarization of one
femtosecond pulse will therefore result correlated with the noise of the copropagating pulse, which is
induced by the same quantum vacuum. Consequently, the described correlation relies on the non-trivial fact,
the well-known shot-noise in a photo-detector is caused by the vacuum-fluctuations in the detected spectral
region.

The experimental characterization of the vacuum-assisted third-order nonlinear correlation has been
reported in section 3.3. Here, the analysis of the spatial nonlinear correlation of incoherent radiation clearly
indicates the presence of two different regimes. Whilst for spatially overlapping sampling beams the
nonlinear correlation result is dominated by the four-wave mixing due to the quantum vacuum at NIR
frequencies, for increasing distance between the sampling pulses the experimental results return to a good
agreement with electro-optic field correlation of THz thermal radiation.

A detailed analysis of the experimental parameters dependence of the third-order nonlinear correlation
further verifies its connection to the electromagnetic vacuum at NIR frequencies, given its independence on
temperature, power dependence and its presence with similar features in different crystals. All our
experimental findings present a good agreement with the predicted measurement parameters dependence of
the responsivity of the higher-order nonlinear correlation, derived in section II A and B of the supplementary
material. The qualitative analysis of the latter, moreover, clearly implies the significant contributions of the
described correlations vanishes for correlation measurements less tightly focused beams as have been used in
[18] or not overlapping focal spots [19].

Because two-beam correlation experiments, in contrast to single-beam studies [11, 12], allow the
identification of the frequency components contributing to the correlation signal, they also have allowed to
isolate the contribution from the higher order non-linear signal that is inevitably mixed into the
electro-optic sampling of the THz radiation. Furthermore, it shows that measuring two nearby spatial
locations with beams that do not physically overlap is a very efficient strategy to remove such contribution
while increasing the detection sensitivity and allowing further studies of the quantum vacuum [19].
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