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ABSTRACT: The modification of the quantum properties of coherence of photons through
their interaction with matter lies at the heart of the quantum theory of light. Indeed, the
absorption and emission of photons by atoms can lead to different kinds of light with ey
characteristic quantum statistical properties. As such, different types of light are typically
associated with distinct sources. Here, we report on the observation of the modification of
quantum coherence of multiphoton systems in free space. This surprising eftect is produced by
the scattering of thermal multiphoton wavepackets upon propagation. The modification of the
excitation mode of a photonic system and its associated quantum fluctuations result in the formation of different light fields with
distinct quantum coherence properties. Remarkably, we show that these processes of scattering can lead to multiphoton systems with
subshot-noise quantum properties. Our observations are validated through the nonclassical formulation of the emblematic van
Cittert—Zernike theorem. We believe that the possibility of producing quantum systems with modified properties of coherence,
through linear propagation, can have dramatic implications for diverse quantum technologies.
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1. INTRODUCTION

The description of the evolution of spatial, temporal, and
polarization properties of the light field gave birth to the
classical theory of optical coherence.'”’ Naturally, these
properties of light can be fully characterized through the
classical electromagnetic theory.3 Furthermore, there has been
interest in describing the evolution of propagating quantum
optical fields endowed with these classical properties.”” This
has been accomplished by virtue of the Wolf equation and the
van Cittert—Zernike theorem."®'®'" Nevertheless, there is a
long-sought goal in describing the evolution of the inherent
quantum mechanical properties of the light field that define its
nature and kind.'>"* Such formalism would enable modeling
the evolution of the excitation mode of propagating electro-
magnetic fields in the Fock number basis. Given the large
number of scattering and interference processes that can take
place in a quantum optical system with many photons, this
ambitious description remains elusive."*™'® Although, it is
essential to describe the evolution of propagating multiphoton
wavepackets in diverse quantum photonic devices.'*™>*

The quantum theory of optical coherence developed by
Glauber and Sudarshan provides a description of the excitation
mode of the electromagnetic field."”'>** This elegant
formalism led to the identification of different kinds of light
that are characterized by distinct quantum statistical
fluctuations and noise levels.'”>**™>* As such, a particular
quantum state of light is typically associated with a specific
emission process and a light source.”” Moreover, the quantum
theory of electromagnetic radiation enables describing light—
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matter interactions.”® These consist of absorption and

emission processes that can lead to the modification of the
excitation mode of the light field and consequently to different
kinds of light.”>*® This possibility has triggered interest in
achieving optical nonlinearities at the single—ghoton level to
engineer and control quantum states of light.”’ > Thus, it is
believed that the excitation mode of the light field, and its
quantum properties of coherence, remain unchanged upon
propagation in free space.””*°

We demonstrate that the statistical fluctuations of thermal
light fields and their quantum properties of coherence can be
modified upon propagation in the absence of light—matter
interactions.””" This effect results from the scattering of
multiphoton wavepackets that propagate in free space. The
large number of interference effects hosted by multiphoton
systems with up to 20 particles leads to a modified light field
with evolving quantum statistical properties.'*'® Further, we
show that the evolution of multiphoton quantum coherence
can be described by the nonclassical formulation of the van
Cittert—Zernike theorem.” Our description of propagating
multiphoton quantum coherence unveils conditions under
which multiphoton systems with subshot-noise quantum
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Figure 1. Modification of quantum coherence in propagating multiphoton wavepackets. The diagram in (a) illustrates the scattering of thermal
multiphoton wavepackets by an optical grating. The grating modifies the polarization properties of the multiphoton wavepackets at different
transverse spatial locations. The interference of the scattered multiphoton wavepackets, at different propagation planes, leads to changes in the
quantum statistical properties of the thermal field. These interference events lead to the modification of multiphoton quantum coherence upon
propagation in free space. The setup for the experimental investigation of this effect is shown in (b). Here, a multimode thermal multiphoton beam
passes through a polarizer and a quarter-wave plate (QWP) to modulate its polarization. The transmitted circularly polarized photons illuminate a
spatial light modulator (SLM) where we display a polarization grating. The beam reflected off the SLM is sent to another QWP to rotate its
polarization at different transverse positions (details can be found in the SI).** The resulting polarization angle as a function of the transverse pixel
position is depicted next to the SLM. This experimental arrangement induces partial polarization properties to the initial thermal light beam. The
multiphoton field is then sent to a tunable telescope consisting of three lenses. This setup enables us to select different propagation planes of the
scattered multiphoton field. We then perform polarization tomography of multiphoton wavepackets at an specific propagation plane by means of a
beam splitter (BS), half-wave plates (HWPs), QWPs, and two polarizing beam splitters (PBS).> *° Finally, we use superconducting nanowire single-
photon detectors (SNSPDs) to implement photon-number-resolving (PNR) detection as outlined in refs 24 and 37. This technique allows us to
characterize the quantum coherence of propagating multiphoton systems and their quantum statistical fluctuations.

properties are formed.”” Remarkably, these quantum multi- {H, V} (see SI). Furthermore, the tensor product over
photon systems are produced upon propagation in the absence positions s represents the pixelated transverse beam profile
of optical nonlinearities.”” " As such, we believe that our where each pixel has sidelength d.

findings provide an all-optical alternative for the preparation of After the polarization grating, the resulting state is obtained
multiphoton systems with nonclassical statistics. Given the via the transformation

relevance of photonic quantum control for multiple quantum . . . .
technologies, similar functionalities have been explored in ay(p) = Byp(P)ay(p) + Pg(p)ay(p) + Bopp)ds(p)  (2)
nonlinear optical systems, photor}17c,217;1_t§i)c’3e3)s’,3 glasmomc systems, where 4,(p) is the mode for photon loss, and P,y are the

and Bose—Einstein condensates. .
components of the transformation

2. EXPERIMENT AND RESULTS DISCUSSION [ 7x X x|

The optical system under consideration is depicted in Figure cos (T) COS( )sm(—)

la. In this case, we utilize an unpolarized thermal field with a

temporal coherence time of approximately 1 ps, which is P(x) = |co s( X ) s n( zx ) sinz( X )

scattered by an optical grating to produce a multiphoton field L L L

with distinct polarization properties at different transverse

spatial positions.” Here, the thermal multiphoton field is sin(ﬂ) cos(E)

produced by many independent wavepackets at the single- ] 3)

hoton level with random relative phases.”® The scattered ) o
Ehotons contained in the thermalP beam interfere upon whe.r ¢ A€ {H V, 2} al,ld L is the lel,lgt h of the polarization
propagation to change the statistical fluctuations of the field.” grating, The beam desc_rlbed by eq L is then prop agated by a
Th Fect ble th dificati f th ¢ distance of z before being measured by two pairs of photon-

ese ctec’s enable the modiicalion oF the gquanmunm number-resolving (PNR) detectors.”**" This propagation can
properties of coherence of the initial multiphoton thermal & pPropag
be modeled through the Fresnel approximation on the mode

system in free space. As discussed in the Supportin
7 P PP 5 structure of the initial beam.*’ We can then compute the

Information (SI), we describe our initial thermal system as
. o 12,13,39 second-order correlation function G3)(ry,r,z) for the post—
an incoherent superposition of coherent states 4

selected polarization measurements in the detection plane as®

= / dX ® (la)(aly ¢ + la){aly,y ) ) GEr 1, 2) = (@ ()3 (n)ay(n)i(r,))
s
=1 Fi
where la)y g, represents a coherent state of amplitude a with °/ do, do, dp, A0y 12y 01, 1y P30 P 2)
stochastically random mode-structure X, where X [6(p, — p,)8(p, — p,) + 6(p, — p,)5(p, — )]
dyp, = fdpRect[(s — p)/d1Z(p)agz(p) and polarization B € (4)
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Figure 2. Evolving quantum coherence induced by light propagation. The propagation of the multiphoton system reflected off the SLM induces
modifications in its photon-number distribution. In this case, we focus on the horizontally polarized component of the initial thermal beam with up
to 20 particles. As shown in (a), the multiphoton system at the propagation plane characterized by v, = 0.12 is nearly thermal. We define v as LAX/
(4z), in this case L = 3 mm, AX = 4 mm, 4 = 780 nm and we scan the propagation distance z. The average photon number we use in the detection
plane, starting from the near field, is 1. The quantum fluctuations of the multiphoton system are attenuated with v. This is quantified through the
degree of second-order coherence g{*)(0), which also evolves upon propagation. The experimental results from a to f were obtained by scanning
two detectors through different propagation planes. The large number of interference events upon propagation leads to the modified multiphoton

system in f, which is characterized by a gb(z) (0) of 1.31. This multiphoton beam exhibits quantum statistical properties that approach those observed
6

in coherent light. The evolving quantum dynamics of our multiphoton system can be modeled through eq 5. Remarkably, the conversion processes
of the multiphoton system and its modified properties of quantum coherence take place in the free space in the absence of light—matter
interactions.

The term F(ry, ry, p1, P2, P3 P4 2) accounts for the process of conditional measurements as in schemes for photon-
polarization preparation and field propagation (see SI). subtraction.”™*® Specifically, they predict that the statistical
Moreover, I, is a normalization constant. Remarkably, the makeup of the light field is changing upon propagation in free
Dirac-delta functions in eq 4 give rise to the formation of space. Indeed, the classical analogue to this behavior is
nontrivial correlations in the propagated thermal light field. explained by the van Cittert—Zernike theorem,'”'" which
This nonseparability of the second-order coherence produces predicts that the classical coherence properties of a light source
nonlocal correlations. The origin of these nontrivial can change upon free-space propagation. Therefore, we
correlations have been attributed to processes of two-photon interpret our results in eq 4 as those of a quantum van
interference.”” In our case, the delta functions 5(p; — p3)5(p, Cittert—Zernike theorem. This is because they predict the
— p,) describe the coherence of a photon with itself. This kind modification of quantum coherence upon free-space prop-
of coherence existed prior to interacting with the grating. In agation, and that is directly analogous to the classical theorem’s
addition, the delta functions 8(p, — p4)3(p, — p3) account for predictions. Specifically, eq 4 predicts this free-space quantum
multiphoton  spatial coherence gained by the system upon modification through the nontrivial scattering effects induced
propagation. These terms unveil the possibility of modifying by the Dirac-delta functions. Furthermore, eq S allows us to
quangtum coherence of multiphoton systems upon propaga- study multiparticle quantum coherence, which is also changing
tion.” We use this approach to describe the correlation upon free-space propagation. These quantum van Cittert—

properties of the multiphoton wavepackets that constitute our

Zernike effects, therefore, are not only arising in polarization
light beam. This allows us to use an equivalent density matrix

subsystems, but also in multiphoton subsystems. This

for the system ﬁi]-kl(z) (see SI) at the detection plane to showcases the fundamental and intrinsic quantum impacts of
compute its corresponding joint photon-number distribution free-space propagation on our state.

Pijkl(”v fny z) as We explore the modification of the quantum coherence

properties of propagating multiphoton systems using the

p(ny, ny, z) = Tr[ﬁijkl (2)Iny, ny)(ny, nyl] (s) experimental setup in Figure 1b. We use a combination of

waveplates and a spatial light modulator (SLM) to rotate the

As we shall see in the next section, these formulas allow for polarization properties of our multiphoton system at any

the prediction of very interesting correlation effects. It is worth transverse position.”* In addition, this arrangement enables us

noticing that eq 5 describes projective measurements and not to characterize the polarization and photon-number distribu-
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tion of multiphoton systems at different propagation planes.
Specifically, we perform measurements at different propagation
planes associated with the propagation parameter v = LAX/
(Az). Here, the transverse distance between detectors is
described by AX and the wavelength of the beam by 4. As
demonstrated in Figure 2, the many interference effects hosted
by the propagating multiphoton system modify the photon-
number distribution of the polarized components of the initial
beam.">'7***” These processes lead to multiphoton systems
with different quantum fluctuations and quantum properties of
coherence.'”*® Each multiphoton system is characterized
through the degree of second-order self-coherence

GI(—IZQIHH(") r, Z)

@(0) =
& GWi(r, 27

(6)

where G (r, 2) = (8] (r)a(r)) = T,L/(22°4>). The multi-
photon system in Figure 2a is nearly thermal.”> However,
propagation leads to different kinds of multiphoton wave-
packets. We show these from Figure 2a to f. The coherence
properties of the multiphoton system in Figure 2f approach
those observed in coherent light beams.’” While the
magnitudes of the degree of coherence in Figure 2 are
typically attributed to classical properties of the light field,
these properties result from nonclassical interference processes
as described by eq 4. As such, these same processes of
coherence can also produce nonclassical statistics that lead to
degrees of second-order coherence below one. We discuss
these effects below. Remarkably, the modification of the
multiphoton system in Figure 2 takes 1place in free space, in the
absence of light—matter interactions. >°~>%3%3*

The polarization and photon-number properties of the
propagating light beam at different transverse and longitudinal
positions host many forms of interference effects.'””” We
explore these dynamics by isolating the constituent multi-
photon subsystems of the propagating beam. Each multi-
photon subsystem, characterized by different polarization
properties, exhibits different degrees of second-order coher-
ence.”’ In the experiment, we perform projective measure-
ments on polarization. These measurements unveil the
possibility of extracting multiphoton subsystems with attenu-
ated quantum fluctuations below the shot-noise limit.””** In
this case, we use the four detectors depicted in the
experimental setup in Figure 1b to perform full character-
ization of polarization.”® These measurements enable us to
characterize correlations of multiphoton subsystems with
different polarization properties, which are reported in Figure
3. We plot the degree of second-order mutual coherence

G;ﬁz)("v 1), 2)

Gi(,})(rp z) G/E,lz)(rzr Z)

(©)) —
gijkl (rlf r21 Z) -

(7)

The propagation of the multiphoton subsystem described by
gt shows a modification of the quantum statistics from
super-Poissonian to nearly Poissonian.”>*® A similar situation
prevails for the multiphoton subsystem described by gl({z\),HV. It
is worth noticing that the multiphoton subsystems described
by g\%HV and gl({zl){w unveil the possibility of extractin,
multiphoton subsystems with subshot-noise properties.”
Notably, the gg\),HV measurement involves the annihilation
and creation of H photons at one detector, and the
annihilation and creation of V photons at a second detector.

3200
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Figure 3. Measurement of multiphoton light with subshot-noise
properties. We isolate multiphoton subsystems with different
polarization properties. These are characterized by the degree of
second-order coherence g,(}@ While the four multiphoton subsystems
indicate the modification of quantum coherence with the v parameter,
it should be highlighted that the subsystems described by g%Hv and
ggl){w show degrees of coherence below one. Notably, quantum light
sources with quantum statistical fluctuations below the shot-noise
limit show degrees of coherence smaller than one. The continuous
lines represent our theoretical predictions from eq 4, whereas the dots
indicate experimental data.

This measurement can be implemented classically, resulting in
gg\),HV > 1. Conversely, the g%HV measurement involves the
annihilation and creation of a photon with different polar-
izations at each detector. This process cannot be described
using a unitary operator, therefore, it does not constitute a
classical measurement. The nonclassical behavior of this
multiphoton subsystem is quantified by g%)mv < 1, which
confirms the presence of quantum coherence. This implies
photon-number distributions narrower than the characteristic
Poissonian distribution of coherent light.””*" The red trace in
Figure 3 indicates an evolution of the multiphoton subsystem
from super-Poissonian to Poissonian as depicted in Figure la.
This peculiar feature might unlock novel paths toward the
implementation of sensitive measurements with subshot-noise
fluctuations.”"

We now turn our attention to describe the quantum
coherence evolution of propagating multiphoton wavepackets.
This is explored by projecting the polarized components of the
initial thermal beam into its constituent multiphoton wave-
packets.”’ In this case, we analyze wavepackets with n, + n,
number of photons. The number of photons detected in arm 1
of our experiment is described by n;, whereas n, indicates the
number of photons detected in arm 2. Our findings unveil that
despite the fact that the degree of second-order coherence
ggﬁHH in Figure 3 is produced by its constituent wavepackets,
these show a completely different evolution of their properties
of coherence. Our experimental measurements of these
wavepackets can be found from Figure 4a—c. The results in
Figure 4a indicate that multiphoton wavepackets, in which n,
and n, are the same, show a particular evolution. In contrast,
propagating wavepackets with asymmetric values of n, and n,
show different trends in the modification of quantum
coherence, these are shown in Figure 4b,c. The propagation
of these wavepackets can be described using eq 5. Specifically,
we can calculate the multiphoton degree of second-order
mutual coherence®

https://doi.org/10.1021/acsphotonics.4c00558
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Figure 4. Quantum coherence of propagating multiphoton wavepackets. The panels from (a) to (c) show the evolution of multiphoton
wavepackets contained in the horizontally polarized component of the initial thermal beam. We label the multiphoton wavepacket that leads to the
detection of n; photons in arm 1 and n, photons in arm 2 with (n;, n,). The results from (a) to (c) indicate that the multiphoton events that

produce the degree of second-order coherence |§l({2HH| in Figure 3 follow distinct propagation dynamics. Although the contributions from the

constituent wavepackets produce the trace described by lg}({ﬁHH

identify three representative dynamics. For example, multiphoton wavepackets with equal numbers for n, and n, exhibit the propagation dynamics
in (a). In contrast, propagating wavepackets with different values of n; and n, show a different trend for the modification of quantum coherence,

|, their individual propagation shows different coherence evolution. Specifically, we

these are shown in (b) and (c). Moreover, the multiphoton wavepackets in the projected beam characterized by |g~1(§;HV| exhibit the multiphoton

dynamics reported from (d) to (f). The multiphoton dynamics in these panels also depend on the number of photons in each of the measured
wavepackets.

@ ijl(nl’ n,, 2) with those of multiphoton scattering in propagating light

gijkl (ny, ny, z) = beams, and it allows us to study the modification of the
Zn ijl(”’ ny, 2) Zm E;kl("l’ m, z) (8) quantum statistical properties of multiphoton wavepackets in

free space. Although, the incoherent combination of light

Furthermore, the multiphoton wavepackets in the projected beams with different polarization properties can lead to the
beam, characterized by g}(IZ\BHV’ exhibit the multiphoton modification of the degree of second-order coherence,”’31 we

performed direct measurements of polarized multiphoton
systems with propagating quantum coherence properties (see
Figure 4a to c). These processes are defined by the number of

dynamics reported from Figure 4d—f. These results suggest
that the multiphoton dynamics in Figure 4 depend on the
number of photons in each of the measured wavepackets.

This quantum field theoretic approach to studying the particles in the measured multiphoton system. Consequently,
quantum van Cittert—Zernike theorem provides us with the these findings have important implications for all-optical
ability to describe the propagation dynamics of the multi- engineering of multiphoton quantum systems.
photon systems that constitute classical light beams. We used The formulation of the van Cittert—Zernike theorem has
this formalism to extract propagating multiphoton subsystems, played a fundamental role in the development of optical
with quantum statistical properties, from unpolarized thermal instrumentation for astronomy.” Recently, there has been an
light fields. While nonlinear light—matter interactions offer the enormous interest in the development of quantum-enhanced
possibility of engineering complex quantum systems,”_zg our technology for astronomy.54_56 In this context, we believe that
scheme exploits linear propagation of multiphoton systems®”>” the emergence of multiphoton quantum coherence through
and the nonlinearity of projective measurements on photon- light propagation, as described by the quantum van Cittert—
number states.’”>® This feature enabled us to exploit Zernike theorem, holds significant implications for quantum
multiphoton scattering in free space to produce wavepackets astrometry and the advancement of quantum telescopes.”™*
with different quantum statistical properties.'> As such, our Building on this foundation, the underlying physics behind the
work combines the benefits of postselective measurements quantum van Cittert—Zernike theorem has been exploited to
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develop robust quantum imaging technologies relying on the
use of sun light.”” Additionally, it is important to highlight the
potential of using the dynamics reported in Figure 4 to
demonstrate synthetic lattices in the photon-number basis.”®
This is relevant given the challenges associated with the
demonstration of photonic lattices in the particle basis.*”*’

3. CONCLUSION

We demonstrated the possibility of modifying the excitation
mode of thermal multiphoton fields through free space
propagation. This modification stems from the scattering of
multiphoton wavegpackets in the absence of light—matter
interactions.'7>¢7>%3%3%¢! The modification of the excitation
mode of a photonic system and its associated quantum
fluctuations result in the formation of different light fields with
distinct quantum coherence properties.'”'*** The evolution of
multiphoton quantum coherence is described through the
nonclassical formulation of the van Cittert—Zernike theorem,
unveiling conditions for the formation of multiphoton systems
with attenuated quantum fluctuations below the subshot-noise
limit.*>*"%* Notably, these quantum multiphoton systems
emerge in the absence of optical nonlinearities, suggesting an
all-optical approach for extracting multiphoton wavepackets
with nonclassical statistics. We believe that the identification of
this surprising multiphoton dynamics has important imglica—
tions for multiphoton protocols quantum information.'®*"
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