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O P T I C S

Quantum-enhanced second harmonic generation 
beyond the photon pairs regime
Thomas Dickinson1,2†, Ivi Afxenti3†, Giedre Astrauskaite4, Lennart Hirsch3, Samuel Nerenberg4, 
Ottavia Jedrkiewicz2,5, Daniele Faccio4, Caroline Müllenbroich4, Alessandra Gatti5,  
Matteo Clerici2,3, Lucia Caspani1,2*

Two-photon processes are crucial in applications like microscopy and microfabrication, but their low cross section 
requires intense illumination and limits, e.g., the penetration depth in nonlinear microscopy. Entangled states 
have been proposed to enhance the efficiency of two-photon interactions and have shown effectiveness at low 
intensities. This quantum enhancement is generally believed to be lost at high intensities, for more than one pho-
ton per mode, raising doubts about its usefulness. We explored experimentally and theoretically two-photon pro-
cesses driven by entangled photons at intensities beyond this threshold and compared the results with the 
classical case. We found that a quantum advantage can still be observed at nearly one order of magnitude higher 
intensities than previously assumed. Our findings show a potential path for exploiting quantum-enhanced two-
photon processes in practical applications.

INTRODUCTION
Two-photon interactions underpin several key applications, such as 
nonlinear imaging (1), deep tissue microscopy (2), spectroscopy, 
photodynamic therapy (3), data storage, and microfabrication (4). 
In life science applications, such as deep tissue and functional imag-
ing aimed at studying conditions like Alzheimer’s disease and other 
nervous system disorders, increasing the penetration depth of the 
two-photon process is crucial for sampling in vivo morphology and 
physiology deeper within tissues without causing damage (2). How-
ever, the low probability of two photons occupying the same inter-
action volume necessitates intense laser pulses, which can bleach 
fluorophores or damage the sample (5).

Entangled photon pairs have been suggested as a potential re-
source to overcome these limitations. They are a defining feature of 
squeezed vacuum (SV) states routinely produced by parametric 
down conversion (PDC) in quadratic nonlinear media. Entangled 
photon pairs can enhance the probability of two-photon processes 
such as two-photon absorption (TPA) and second harmonic genera-
tion (SHG), transforming the interaction into a linear process with a 
large cross section (6–14). Entangled TPA (eTPA) is expected to im-
prove the sensitivity of imaging (8) and spectroscopy (15–17), where 
a reduction of the pump intensity can enable data acquisition with 
faint, less damaging illumination. It could also allow for the extrac-
tion of otherwise inaccessible information, e.g., on collective molecu-
lar resonances (18, 19). Despite these promising predictions followed 
by experimental investigations (20–23), the advantages brought by 
eTPA have been debated in recent literature (24–27). Alternative 
(classical) mechanisms have been proposed to explain some of the 
observations (28,  29). Most of the debate focused on the effective 
value of quantum enhancement and the lack of reproducibility of the 

experimental results (25, 26, 30, 31). These difficulties partially arise 
from the complexity of molecular fluorophores used in TPA experi-
ments. Large fluorophores feature strong dependencies on tempera-
ture and concentration, along with complex excitation pathways and 
loss mechanisms, which are hard to control and model.

Up to now, the benefits of using squeezed states to enhance two-
photon processes have been demonstrated with spatially single-
mode radiation at low intensities, where the interaction volume 
contains less than a photon pair per event (11, 32). In this regime, 
the quantum advantage stems from the photon pairs behaving as a 
single particle, which results in a linear relation between the illumi-
nation power and the SHG/TPA signal. However, this necessitates 
low illumination powers and, in turn, results in low nonlinear sig-
nals that are of little practical use.

Here, we use sum-frequency processes to investigate two-photon 
interactions driven by broadband, largely multimode (spatially and 
temporally) squeezed radiation with a large range of photons per 
interaction volume. We demonstrate that quantum enhancement 
persists at illumination levels larger than previously thought (33), 
i.e., at more than one photon per interaction volume. We quantify 
the quantum enhancement by direct comparison with the classical 
state typically used for TPA and SHG measurements. With few ex-
ceptions (26), this is in contrast with most previous studies that 
compared the case of pure quantum illumination with that of quan-
tum states spoiled by losses (11, 32) or conditioned by postselection 
to mimic classical radiation (34).

We focus on SHG, a simple and easily controllable process that, 
unlike TPA, does not involve intermediate states of excitation. Fur-
thermore, SHG is a coherent process that can discriminate whether a 
two-photon signal is generated by entangled or nonentangled pho-
tons. This allows us to isolate the quantum enhanced signal [entangled 
SHG (eSHG), a purely quantum process] from other contributions.

We first investigated the SHG process driven by multimode SV 
with a low average number of photons per mode (less than one), gen-
erated by low-gain PDC. By measuring the eSHG signal, we observed 
its expected linear scaling with the driving field intensity (11), which 
enabled us to establish the eSHG efficiency and analyze its depen-
dence on optical losses applied to the SV. We then investigated the 
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SHG driven by SV with many photons per mode, generated by high-
gain PDC. It has been assumed that the deterministic recombination 
of entangled photons, which underpins the linear scaling mentioned 
above, would quickly become negligible in this regime (11, 33). We 
demonstrated that this is not the case. We further compared the ef-
ficiency of the SHG process driven by multimode SV to that of a 
classical coherent pulse (standard laser) with the same intensity 
(same energy, beam size, and pulse duration). We showed that SV 
drives the SHG process with higher efficiency than a coherent pulse, 
even when its modes are populated by more than one photon. This 
direct comparison sheds light on the levels of quantum enhancement 
that can be expected in real-case scenarios.

Our experimental findings are supported by a theoretical analy-
sis that includes the full spatial and temporal properties of the PDC 
and the SHG process, predicting that the quantum enhancement is 
preserved for SV having more than one photon per mode (35). Con-
sidering our experimental parameters for the optical fields and the 
nonlinear crystals, the model achieves excellent agreement with the 
experiments, offering reliable guidance for future investigations.

RESULTS
We have designed our experiment to investigate eSHG driven by 
pulsed, multimode SV with a controllable number of photons per 
mode (from below one to far above). The choice of a pulsed source 
differs from previous works (11, 32) and is required for the genera-
tion of SV with a high number of photons per mode (26, 34). A 
scheme of the setup is shown in  Fig.  1A. A 515-nm pump 
generates a broadband SV via PDC in a 2-mm beta barium borate 
(BBO) crystal, which is reimaged on a second, identical crystal 

by an achromatic and dispersion-free telescopic system based sole-
ly on reflective optics (see the “Generation of the quantum field” 
section in Materials and Methods). The spatiotemporal entangle-
ment volume, describing the region where an entangled photon 
pair is confined, is determined by the overall temporal and angular 
bandwidths (governed by phase matching and/or spectral filters) 
and is roughly the inverse of the corresponding spectral volume. A 
pass-band filter (Brightline FF01-1055/70-25, Semrock) selects the 
temporal bandwidth of the SV [≃125 THz full width at half maxi-
mum (FWHM) corresponding to ≃70 nm around the central wave-
length of 1030 nm; see Fig. 1B] to a region where the detrimental 
impact of the group delay dispersion (GDD) in the nonlinear me-
dia, optical elements and coatings is minimal. The angular band-
width is limited by phase matching to ≃150 mm−1 [half width at 
half maximum (HWHM) corresponding to ≃25 mrad, measured 
within a 10-nm bandwidth around 1030 nm], as shown in Fig. 1C. This 
results in an entanglement volume with a ≃11-μm transverse spatial 
dimension (HWHM, ρent ) and ≃45-fs duration (FWHM, τent ), de-
fined from the probability of finding one photon at a distance ρ and 
delay τ from its twin (see the “Entanglement volume” section in Ma-
terials and Methods). The second crystal up-converts the SV, and 
the generated signal around 515 nm is measured by a photomul-
tiplier tube (PMT). The SHG process can also be driven by the 
combination of nonentangled photons (36–38), generating an in-
coherent second harmonic signal. In contrast, the eSHG process 
involving entangled photons results in a coherent signal with 
similar spatiotemporal coherence properties as the PDC pump (39). To 
select only this coherent signal, we filtered the SHG angular and 
temporal spectrum (see the “Detection of the eSHG” section in Ma-
terials and Methods for details).
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Fig. 1. Experimental configuration. (A) Sketch of the experimental setup with the three main building blocks responsible for the SV generation, SHG generation and 
detection, and the generation of the classical field for comparison. OPA, optical parametric amplifier. (B) Power spectral density (PSD) of the SV transmitted by the optical 
system with (red) and without (blue) the passband (PB) filter. The latter is mainly constrained by the reflectivity of the dichroic mirrors used to reject the 515-nm pump. 
(C) Angular spectrum of the SV after filtering with a 10-nm passband filter centered at 1030 nm.
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Characterization of the multimode SV
As the first essential step toward comparing the entangled and clas-
sical SHG efficiency, we characterized the SV as a function of the 
PDC pump energy. This is the most direct control parameter for 
changing the SV number of photons per mode. To this end, we mea-
sured the average number of SV photons generated per pulse, NSV , 
for increasing number of photons in the PDC pump pulse, NP . The 
experimental data (Fig. 2A) show linear photon-pair generation at 
low PDC gains and nonlinear (quadratic) photon-pair generation 
at higher gains. We compared these results with the prediction of a 
quasi-stationary (QS) model for multimode pulsed PDC (35, 40, 41), 
using the hypotheses of negligible group velocity mismatch and spa-
tial walk-off between the interacting fields. This model pre-
dicts that (see the “Generation of the theory curves” section of the 
Supplementary Materials)

where Λ = 2 lcdeff

√
ℏωPω

2
SV

2ε0nP n2
SV
c3 VP

 , lc is the crystal length, ωP,SV are 

the frequencies of the PDC pump and SV, and nP,SV are their refrac-
tive indices in the nonlinear crystal, deff ≃ 1.79 pm/V (42) is the 
crystal second-order nonlinear coefficient, and VP is the pump spa-
tiotemporal volume. We highlight the good matching between the 
theory (red solid line) and the experimental results (orange data 
points) in Fig. 2A, under the sole condition of reducing the effective 
nonlinearity to d�eff ≃ 1.65 pm/V, i.e., a <10% difference from the 
tabulated value. Such a correction is compatible with the effect of 
the group velocity mismatch, not accounted for by the theoretical 
curve. In  Eq.  1, Λ

√
NP is the dimensionless parametric gain g , 

while sinh2
�
Λ
√
NP

�
 provides an estimate of the population of the 

modes (it would be the mean photon number in a simplistic model 

of single-mode SV at perfect phase-matching) and, from now on, 
will be referred to as the number of photons per mode ⟨n⟩m . Km is 
the number of SV modes, calculated via eq. S4 in the “Generation 
of the theory curves” section of the Supplementary Materials. It de-
creases at increasing gain as shown in the inset of Fig. 2B, mainly 
due to the exponential shrinking of the SV profile (40). Note that the 
model does not account for pump depletion (a valid approximation 
in the gain regimes considered here), which would quench the 
shrinking of the number of modes at higher gain. We characterized 
the SV spatial profile experimentally, as shown in Fig. 2B, for one 
coordinate, obtaining a good match with the QS model predictions 
(see also the “Generation of the theory curves” section of the Sup-
plementary Materials).

While a rigorous calculation for Km requires numerical integra-
tion of eq. S4 [see also (43)], an estimate can be provided from the 
ratio of the spatiotemporal size of the SV pulse to the entanglement 
volume. Under the assumption that the SV pulse profile matches 
that of the PDC pump (strictly valid only at low parametric gain) 
and using the previous definition for the entanglement volume, we 
get Km≃(185 fs∕45 fs)×(1500 μm∕22 μm)2≃19,100 modes, which 
is comparable to the value of Km at low gain shown in Fig. 2B. We 
note that ⟨n⟩m is often used to define the bound for the quantum-
enhanced regime with the common assumption that the advantage 
is lost for ⟨n⟩m > 1 and is commonly inferred from NSV assuming a 
constant number of modes. While Km is nearly constant in the low-
gain PDC 

�
Λ
√
NP≪1

�
 , it decreases steeply for high PDC gain. The 

value of ⟨n⟩m = NSV ∕Km

�
NSV

�
 shown in our plots is, therefore, ob-

tained using the dependence of Km from the PDC gain given by the 
theory. In Fig. 2A, we highlight with a green shaded area the region 
with ⟨n⟩m < 1 , where quantum enhancement has been mainly inves-
tigated so far. In this work, we show that the enhancement per-
sists for ⟨n⟩m > 1.
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Fig. 2. SV characterization. (A) Log-log plot of the number of SV photons per pulse ( NSV ) versus the number of pump photons per pulse ( NP ). The red line is the expected 
trend predicted by our theoretical model (see text for details), while the green dashed line shows a linear approximation valid in the spontaneous regime. The green 
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Loss analysis
Following common practice, we initially investigated the effect of 
losses on the efficiency of eSHG driven by the SV. Losses degrade the 
entanglement underpinning quantum enhancement. As a result, a 
reduction in the eSHG efficiency for a degraded SV state, compared 
to an unspoiled one with the same mean number of photons per 
pulse at the SHG crystal, is considered a reliable indicator of quan-
tum enhancement (11, 32). We first focused on the ⟨n⟩m < 1 regime, 
and we compared the eSHG efficiency of an ideally pure SV with 
that of a modified state obtained by imposing different losses ( 30 
and 50% ) with neutral density filters.

The results for the unspoiled SV (Fig. 3A, green) follow the ex-
pected linear trend. Each data point is an average over a 5-min ac-
quisition at 500 kHz, and the error bars show the SD. A generation 
efficiency ηSV = (3.3±0.2) × 10−10 is obtained from the linear fit 
NE

SH
=

ηSV

2
NSV of our data, where NE

SH
 is the number of eSHG pho-

tons per pulse. This compares well with the prediction of the theo-
retical model ηSV,th = 4.3 × 10−10 obtained considering only the 
linear contribution to eSHG (evaluated at ⟨n⟩m = 0.05) and the re-
duced effective nonlinearity d′

eff
 . We note that the difference (~23%) 

can be ascribed also to residual losses, aberrations in the imaging 
system, and dispersion from materials and coatings decreasing the 
localization of entangled photon pairs in the SHG crystal.

The results obtained by introducing 30 and 50% losses are shown 
in blue and red, respectively. Note that, to maintain the same photon 
flux at the SHG crystal, the PDC gain was increased by increasing the 
pump pulse energy. In these two conditions, the SHG signal can still 
be fitted considering a linear dependence, albeit with lower generation 
efficiencies η30% = (2.2±0.1) × 10−10 and η50% = (1.3±0.1) × 10−10.

To compare with the results available in the literature, we ex-
tracted the trend expected for the eSHG if the SV flux was decreased, 
for a fixed PDC gain, by introducing increasing losses. Specifically, 
we selected for the no-loss case the data point corresponding to 

the maximum number of photons per pulse at the SHG crystal (
∼12.6×103

)
 ; for the 30% losses, we selected the fit value at 0.7× 

12.6 × 10
3 ; and for the 50% losses, we selected the fit value at 0.5× 

12.6 × 10
3 . These are identified by purple circles in Fig. 3A and, as 

expected (11), match a purely quadratic trend (solid purple curve). 
This test is crucial to prove the quantum nature of the process 
(28, 44). It has been shown in eTPA studies that the sole linear scal-
ing for two-photon processes is not necessary evidence of a quan-
tum effect as it could arise from residual single-photon events or by, 
e.g., hot-band absorption (26, 28, 29). Notably, from our eSHG re-
sults, it is also clear that a linear trend is still visible with spoiled 
quantum states.

We then increased the PDC pump energy to investigate the un-
explored regime of eSHG driven by spatially and temporally mul-
timode SV with ⟨nm⟩ > 1 . The results for an unspoiled SV, i.e., with 
no additional losses, are shown in green in Fig. 3B together with 
those recorded by introducing 60% (blue) and 90% (red) losses. The 
dashed curves are fits obtained considering a linear plus a quadratic 
dependence of the SH signal from the input number of photons. 
Higher values of losses have been chosen here to showcase the com-
petition between quantum correlations and the effects of the in-
creased PDC gain.

We first notice that the efficiency for the no-loss SV is larger than 
that obtained with a spoiled SV well into the ⟨n⟩m > 1 regime. How-
ever, it is also evident that such a trend does not continue indefi-
nitely. The eSHG efficiency for the 90% loss case overcomes that 
from the no-loss SV at nearly ⟨n⟩m ≃ 15 . To understand this effect, 
it is necessary to recall that higher PDC gain is required to achieve 
the same photon flux at the SHG crystal for the spoiled SV. As shown 
before (Fig. 2B), this results in a narrowing of the generated (spoiled) 
SV field size. Such a reduction results in a higher peak intensity, 
which thus increases the SHG efficiency despite the reduced quan-
tum correlations. The same effect is predicted by our theoretical 
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model (see “Theoretical analysis of the impact of losses” of the Sup-
plementary Materials).

Comparison with a classical field
Following from our investigation on the role of losses, it is clear 
that to properly assess quantum enhancement, a comparison with 
a classical field is required. We therefore choose to compare the 
eSHG efficiency from SV with that of SHG produced by the classi-
cal state routinely used for imaging, i.e., a standard laser pulse (a 
coherent state). The comparison was performed by matching the 
two intensity profiles, i.e., maintaining the same duration, beam 
size, and number of photons per pulse. Since the intensity profile of 
the SV changes with gain, we built a classical source with a tunable 
beam size and pulse duration, allowing matching to the SV proper-
ties, see the “Generation of the classical field” section in Materials 
and Methods.

The data for the SHG signal generated by the classical source ver-
sus the number of pump photons impinging on the crystal (Fig. 4A, 
red squares) match well the theoretical model (35), shown with a red 
solid curve. In the same figure, we show the results obtained using 
the SV (green circles) and the theoretical prediction (green solid 
curve). Both the classical (red) and the entangled (green) theoretical 
curves have been obtained after multiplying the bare theory results 
by the same coefficient 0.76 , which amounts to the already men-
tioned correction for the deff ( 0.922 ) and to a further 10% efficiency 
reduction that can be ascribed to losses and residual dispersion ef-
fects. It should be noted that in this comparison, the spectrum (spa-
tial and temporal) of the classical pulse is much narrower than the 
SV one, giving all the advantages to the classical excitation. Yet, it is 
evident that the SV efficiency is still larger than that of a classical 
pulse well above the one-photon-per-mode regime, up to an average 
number of photons per mode ⟨n⟩m ≃ 9.3, confirming our main claim.

It should also be noticed that the experimental data were ob-
tained by carefully optimizing, at each different PDC gain, the posi-
tion of the SHG crystal with respect to the image plane of the PDC 
crystal, so to maximize the eSHG rate (the same optimization was 
done in the theory).

The quantum enhancement obtained using the SV is shown 
in Fig. 4B, calculated as the ratio between the experimental values of 
the eSHG and the theoretical values for the classical SHG. In the 
same graph, we also show the theoretical prediction (green sol-
id curve).

DISCUSSION
The results in Fig. 4A do not include the full SHG signal generated 
by the SV. Instead, they show the coherent signal induced solely 
by the up-conversion of entangled photons, namely, the eSHG. As 
mentioned above, the incoherent (coherent) component is spread 
over a large (narrow) wave vector spectrum so that the selection is 
experimentally performed by inserting an iris in the far field of the 
SH signal and filtering a narrow portion of the SH spectrum, as 
shown in Fig. 1A. The eSHG signal has a linear component that 
dominates for low number of SV photons per mode and grows qua-
dratically at increasing SV intensities [also observed in (26)], lead-
ing to an overall quantum enhancement up to ⟨nm⟩ ≃ 9.3 . The 
experimental results match well the outcomes of the theoretical 
model (35) for both the classical and the quantum cases. The model 
predicts that the maximum ⟨nm⟩ value at which quantum enhance-
ment occurs depends on the experimental parameters and can be 
further increased from what is reported here. For instance, choosing 
PDC and SHG crystals of 2- and 1-mm length, respectively, leads 
to quantum enhancement up to ⟨nm⟩ ∼ 20 (35), albeit resulting in a 
lower overall SH signal.
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Fig. 4. Comparison with a standard classical field (laser beam). (A) SHG signal as a function of the number of photons per pulse at the SHG crystal for the quantum 
(green) and classical (red) case. A quantum advantage is maintained up to ⟨n⟩m ≃ 9.3 (top axis). The solid curves are the theoretical predictions of the model (35) both 
obtained by considering a reduced d�

eff
≃ 1.65 pm/V and 10% overall losses on the SHG signal. The green shaded area highlights the region where the SV has ⟨n⟩m ≤ 1 . 

(B) Quantum enhancement, defined as the ratio between the SV-driven SHG and the SHG from a classical field (laser), i.e., NSV

SH
∕NCL

SH
 . The green diamonds show the ratio 

between the experimental eSHG values [green circles in (A)] and the theoretical prediction for classical SHG [red curve in (A)]. The green solid curve is the theoretical 
prediction [ratio between green and red curves in (A)]. The red dashed curve is the theoretical prediction for the total enhancement the SV brings to SHG (coherent and 
incoherent components; see text for details). The yellow shaded area illustrates the region where the classical case outperforms the SV.
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It should be also noted that the theory predicts that the incoher-
ent SH arising from the up-conversion of nonentangled SV photons 
adds an additional classical quadratic term (34). When the contribu-
tion from nonentangled photons is also included, the SHG from SV 
have a larger efficiency than that of a classical field with the same 
profile independently of the SV intensity (35), as shown by the red 
dashed curve in Fig. 4B.

Our study demonstrates a substantial gain arising from quantum 
effects in two-photon processes at intensities one order of magni-
tude larger than what was previously considered feasible. Further-
more, the good agreement between the theory and the experimental 
results supports the choice of SV as a more efficient field to drive 
two-photon processes even at intensities for which any quantum ad-
vantage was expected to become negligible (11, 39).

MATERIALS AND METHODS
Generation of the quantum field
The pump pulse for the PDC had a 1.5-mm-diameter beam size 
(FWHM of the intensity profile), a ≃185-fs (FWHM) pulse dura-
tion, ≃515-nm central wavelength, and a variable 200/500-kHz rep-
etition rate and was obtained by frequency doubling in a 1-mm-thick 
BBO crystal (Light Conversion) the ≃245-fs duration, 1030-nm cen-
tral wavelength output of a Yb:KGW amplified laser (Carbide CB3 
40W, Light Conversion). The energy of the PDC pump could be 
tuned by rotating an achromatic half-wave plate in front of a thin 
film polarizer (Eksma) in the 1 to 120 μJ per pulse range. The pump 
was then injected into a 2-mm-long BBO crystal cut for collinear 
type I SHG of a 1030-nm field coated with antireflection layers 
(Eksma), where it drove the PDC process resulting into the genera-
tion of a broadband multimode SV. This radiation was reimaged 
into a second BBO crystal identical to the one used for PDC using a 
confocal imaging system consisting of two 8-inch (20.32-cm) equiv-
alent focal length, 1-inch (2.54-cm) aperture, and 90° off-axis para-
bolic silver mirrors with broadband ultrafast coatings (low GDD, 
Edmund Optics) arranged in a 4f  configuration. The beam path was 
folded using seven low dispersion dichroic mirrors (Layertec, not all 
shown in the figure) with high reflectivity (99.9% at an incidence 
angle of 45°) in a 300-nm bandwidth centered at 1030 nm and with 

high transmission (>99%) at 515 nm. The low dispersion is required 
to maintain the temporal localization of the entanglement volume of 
the SV radiation. To further remove the intense PDC pump (at 515 nm) 
from the SV, a long-pass filter (FELH0850, Thorlabs) with high opti-
cal density at 515 nm was inserted in the beam path. Last, a high 
transmissivity band-pass filter (Brightline FF01-1055/70-25, Semrock) 
was also inserted and tuned at ≃23° to cut the SV spectrum symmetri-
cally around the central wavelength of 1030 nm (and to increase the 
pump rejection further). This way, a sufficient rejection was ensured 
to avoid contaminating the eSHG signal with residual PDC pump 
photons. The SV number of photons per pulse NSV was measured 
with a high-sensitivity calibrated photodiode (S132C, Thorlabs) and 
background-corrected to remove the contribution from parasitic ra-
diation, e.g., scattering from the laser source.

Entanglement volume
A working definition of the entanglement volume in the SV near-field 
is Vent = πρ2

ent
τent where we made the very simplistic assumption of 

considering a cylinder of radius ρent and length τent , where ρent and 
τent are the widths (HWHM and FWHM, respectively) of the probabil-
ity distribution ∣Ψ

(
�⃗ρ , τ

)
∣2 of finding a photon at distance ρ and delay 

τ from its twin. As described in detail in (35, 45, 46), the spatiotem-
poral amplitude probability Ψ

(
�⃗ρ , τ

)
 can be written as the Fourier 

transform of the probability amplitude of finding a photon pair in 
the conjugate modes 

(
�⃗q ,Ω

)
 and 

(
− �⃗q , −Ω

)
 . This probability ampli-

tude, in turn, can be roughly approximated by the SV spectral in-
tensity profile in the ( �⃗q ,Ω ) space [see figure 2 in (35) for some 
examples]. From our measurements (see Fig. 1, B and C), we can ap-
proximate the SV angular spectrum as a disk of radius Δq ≃ 150 mm−1 
and the temporal spectrum as a rectangular function of width 
ΔΩ ≃ 125 rad THz . The spatial and temporal profiles of Ψ

(
�⃗ρ , τ

)
 are 

thus described by an Airy disk and a sinc function, respectively. 
Therefore, the widths of ∣Ψ

(
�⃗ρ , τ

)
∣2 are ρent ≃ 1.62∕Δq ≃ 10.8 μm 

(HWHM) and τent ≃ 5.57∕ΔΩ ≃ 44.5 fs (FWHM).

Detection of the eSHG
After the SHG crystal, the residual SV was removed from the beam 
path with four dichroic mirrors of high reflectivity at 515 nm and 

Table 1. Parameters of the classical and SV fields. 

Photons at the SHG crystal (103/
pulse)

Classical beam size (mm, FWHM) SV beam size (mm, FWHM) Classical pulse duration (fs, FWHM)

 1.0 1.48 ± 0.05 ﻿ 173 ± 5

 15.9 1.33 ± 0.05 ﻿ 170 ± 5

 19.8 ﻿ 1.41 ± 0.05 ﻿

 39.9 ﻿ 1.31 ± 0.05 ﻿

 40.2 1.16 ± 0.05 ﻿ 165 ± 5

 81.6 1.07 ± 0.05 ﻿ 158 ± 5

 82.6 ﻿ 1.10 ± 0.05 ﻿

 113.1 1.03 ± 0.05 ﻿ 153 ± 5

 117.9 ﻿ 1.04 ± 0.05 ﻿

 246.9 0.90 ± 0.05 ﻿ 137 ± 5

 249.5 ﻿ 0.89 ± 0.05 ﻿
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high transmission over a large bandwidth (>80 nm) around 1030 nm 
(Eksma), so that the up-converted signal could be measured with a 
PMT (H16722P-40, Hamamatsu, 40% quantum efficiency at 515 nm—
data rescaled accordingly) connected to a time-to-digital converter 
(HydraHarp 400, PicoQuant) for the time-gated signal acquisi-
tion synchronized to the source pulse train. To select only the co-
herent signal (eSHG), we filtered the SHG signal by inserting a 
1-mm-diameter aperture into the radiation far-field (generated with 
an f  = 200-mm focal length lens confocal to the eSHG crystal) and, 
analogously, by using a narrow-band pass-band filter (10-nm band-
width around 515 nm). We note that the incoherent SHG radiation 
in the far-field extended over a ~12-mm-diameter area; therefore, its 
contribution to the recorded signal (i.e., captured by the 1-mm ap-
erture) was negligible (<0.7%). The SH counts were corrected by 
subtracting a background measured by rotating the SHG crystal by 
π∕ 2 around the surface normal, i.e., in a condition where no conver-
sion occurs.

Generation of the classical field
To generate a coherent classical pulse with the same intensity profile 
and energy of the SV at different energies, we used the temporally 
compressed output from an optical parametric amplifier (Orpheus-
F, Light Conversion), delivering 1030-nm pulses of ≃120-fs dura-
tion. The duration was changed with a prism compressor to match 
the expected duration of the SV at different energies. Similarly, the 
beam size was adjusted with telescopes to match the measured SV 
beam width. In Table 1, we report the values for the energy, pulse 
duration (measured with a home-built autocorrelator), and beam 
size of the classical pulse used in the comparison. We also reported 
the corresponding experimental values for the SV beam size extracted 
from Fig. 2B at similar energies.
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