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Preface

This short book provides readers with some basic concepts of single photons and the
latest developments in the field. The book reviews the most important method of
generating single photons in experiments and it also introduces an emerging field of
single-photon isolation.

The first section provides a very simple picture of the concept of evolution of the
photon” from the classical to the quantum formalisms, and the quantization of the
light field as a description of the photon. The next section focuses on recent exper-
iments exploiting optical nonlinear processes to generate and manipulate single
photons. In the last section, nonreciprocal quantum devices are designed to isolate
the backscattering of single photons.

The book aims to present some basic knowledge of single photons to readers in a
quick read but with not many details.

Keyu Xia
Professor,

Nanjing University,
Jiangsu, China
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Chapter 1

Do We Manipulate Photons or
Diffractive EM Waves to Generate
Structured Light?
ChandraSekhar Roychoudhuri

Abstract

In the domain of light emissions, quantum mechanics has been an immensely
successful guiding tool for us. In the propagation of light and optical instrument
design, Huygens-Fresnel diffraction integral (HFDI) (or its advanced versions) and
Maxwell’s wave equation are continuing to be the essential guiding tools for optical
scientists and engineers. In fact, most branches of optical science and engineering,
like optical instrument design, image processing, Fourier optics, Holography, etc.,
cannot exist without using the foundational postulates behind the Huygens-Fresnel
diffraction integral. Further, the field of structured light is also growing where
phases and the state of polarizations are manipulated usually with suitable classical
macro-devices to create wave fronts that restructured through light-matter interac-
tions through these devices. Mathematical modeling of generating such complex
wave fronts generally follows classical concepts and classical macro tools of physical
optics. Some of these complex light beams can impart mechanical angular momen-
tum and spin-like properties to material particles inserted inside these structured
beams because of their electromagnetic dipolar properties and/or structural anisot-
ropy. Does that mean these newly structured beams have acquired new quantum
properties without being generated through quantum devices and quantum transi-
tions? In this chapter, we bridge the classical and quantum formalism by defining a
hybrid photon (HP). HP is a quantum of energy, hν, at the initial moment of
emission. It then immediately evolves into a classical time-finite wave packet, still
transporting the original energy, hν, with a classical carrier frequency ν (oscillation
of the E-vector). This chapter will raise enquiring questions whether all these
observed “quantum-like” behaviors are manifestations of the joint properties of
interacting material particles with classical EM waves or are causal implications of
the existence of propagation of “indivisible light quanta” with exotic properties like
spin, angular momentum, etc.

Keywords: structured light, hybrid photon, non-interaction of light (NIW),
Huygens principle, photoelectric effect, semiclassical model

1. Introduction

Structured light is a matured applied field of study. It has been steadily inventing
many new tools and techniques to manipulate and study, from nanoparticles to
molecules to atoms. Other chapters of this book have described these developments.
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The purpose of this chapter is to promote the development of out-of-box enquiring
questions in physics leveraging the topic of structured light. It is a complex thinking
and analytical process to describe a physical phenomenon simply based upon
reproducible experimental data. This is because experimental data generation
requires detector and deductee to undergo some physical transformation in their
relevant parameters after exchanging some energy guided by some allowed force of
interaction between them. Since we cannot directly observe the details of the
physical interaction process, we cannot be certain from the properties of the mea-
sured data as to which property belongs to the detector and which belongs to the
deductee. We have not been addressing this important enquiring question explicitly
in physics. The field of structured light is a good test optical phenomenon to explore
this enquiring question.

Beams of structured light are generated by using classical optical components
and the analytical tools of classical optics, which are Maxwell’s wave equation and
Huygens-Fresnel diffraction integral (or its advanced versions). Then, the concept
of “indivisible light quanta” must have come from Einstein’s paper on photoelectric
effect [1]. However, Lamb et al. [2–4] have clearly shown that the use of semiclas-
sical model, classical light, and quantized atoms yields a much more causal and self-
consistent model for light-matter interactions. This chapter, therefore, strengthens
this concept behind the semiclassical model by underscoring some neglected but
fundamental nature of light from two fundamental angles—“We never see light”
(Section 2) and “Light does not see light” (Section 3). Then we discuss the conse-
quences of assigning detector’s intrinsic quantum properties to the energy donating
classical and Maxwellian light waves as we do for the photoelectric effect (Section
4). Next, in Section 5, we discuss the consequences of ignoring interaction process
visualization, which guides us to accept the necessity of introducing the concept of
hybrid photon model. Hybrid photon model eliminates the need for accepting the
postulate of “wave-particle duality.” This duality postulate actually originated in
late 1600s during debate between Newton (“corpuscular”) and Huygens (“second-
ary wavelets”), and they agreed that their debate arose out of their ignorance about
the deeper structure of light. Unfortunately, founders of mathematical formalism of
quantum have promoted the “wave-particle duality” as the new confirmed knowl-
edge. In reality, this postulate should energize us to keep exploring the deeper issues
behind quantized emission and absorption of light and classical propagation prop-
erties of light. The last section on discussion underscores that we should always try
to reevaluate working theories beyond its prevailing successes so we can advance
our current understanding. Then discover new phenomena and then invent new
tools and technologies.

2. We never “see” light

We only perceive or measure the physical transformation induced by light
energy in material bodies, which have their own unique response characteristics
due to their unique response properties to light. Therefore, assigning any new
physical property, to a physical entity under study, should be done carefully to
ascertain that the observed (measured) property is not that of the detecting entity.
This is especially important for light. We always infer the incidence (presence) of
light after observing (or perceiving) some physical transformation in the detecting
element. It could take place through a wide variety of already known phenomena
like photoelectric effect, photochemical effect, photothermal effect, photo-acoustic
effect, etc. In all such cases, a finite amount of energy from the EM wave is
absorbed by the detecting element to undergo some quantitative physical
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transformation, which becomes our data. If the detecting element is inherently
quantum mechanical in nature, then the amount of energy ΔEmn ¼ hνmn is absorbed
by the detector out of the EM waves and will correspond to the specific quantum
transition. However, all light-matter interactions are frequency dependent since all
materials are individual dipolar atoms and molecules or their assemblies in solid or
liquid states. X-rays and γ-rays do not interact with quantum mechanical Si-
photoelectric detectors or classical photothermal detectors. We need appropriate
materials where X-rays can stimulate the electrons in the inner shells of atoms and
γ-rays can stimulate the nuclear energy levels at the core of atoms.

The strength of the evidence-based science lies with the corroboration of evidences
with a suitable mathematical model. The model must help us to visualize the inter-
action processes that give rise to measurable data (evidence). This is the foundation
of our causal approach to explore the laws of nature. This causal approach allows us
to keep refining both the measurements and the modeling as we keep integrating
diverse observations into a broader and well-validated theory. This is how our
scientific advances have been continuing for centuries. Therefore, let us explore
the physical process steps behind the generic detection/interaction processes
(Ch. 12, in [5]):

1.All measured data are some quantitative physical transformations in some
detector element induced by a deductee-element.

2.All physical transformations must be triggered by some physical interaction
(stimulation) process, followed by energy exchange between the detector and
the deductee. Discouraging the visualization of such invisible interaction
processes has been the key mystifying reason behind our “working” theories,
whose purpose has been limited to validate only the measurable data.

3.All energy exchange must be guided (allowed) by some specific and allowed
force of interaction existing between the detector and the deductee. Our
continuing failure to understand the origin of all forces and unify them is the
key bottlenecks behind the causal advancement in modern physics.

4.All forces, short or long range, have finite physical ranges. Therefore, all
interactions are fundamentally “local” or physical range dependent.

Thus, we cannot generate observable (measurable) data without some physical
transformation in an interactant (detector) whose intrinsic physical properties dic-
tate its specific response characteristics to one or the other force to participate in
any interaction, leading to a specified amount of energy exchange leading to the
observable transformation. Obviously, recordable data generation is not possible if
the interactants are physically beyond the range of their mutual force of interaction.
Causal physics require that the interactants recognize each other through their
mutually allowed force of interaction. Without a direct hit of a well-collimated laser
beam within the active area of a detector of a power meter, we cannot ascertain the
energy of the laser beam. Interaction-free data generation cannot take place in the
causal world. “Spooky action at a distance” is an unfortunate cultural phenomenon
that wants to mystify physics. Nature is systematically causal. That is why our
“cause-effect” inter-relating causal mathematical equations, through centuries,
have remained the key guiding tool to explore nature. Nature is not mystical.

Measured and analyzed “elliptical polarization” does not imply that the resultant
electrical vector of the light beam is rotating circularly as the composite light beam
(two collinear, phase-steady, and orthogonally polarized beams with 90° relative
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phase delay) is propagating with the resultant E-vector helically rotating around the
Poynting vector. In this assumed and imaginary model, the energy of the composite
light beam would have been also oscillating due to time-varying resultant amplitude
of the E-vector. This would have implied that nature is violating the law of conser-
vation of energy. Fortunately, in this case, our mathematics has been guiding us
along the correct and causal path. Jones’ matrix has been constructed to find the
final energy of a composite light beam as the sum of the two separate energies
contained in each of the two orthogonal polarization. The energy in each of the two
orthogonal components is the square modulus of the sum of the X-component
amplitudes and the Y-component amplitudes, carried out separately. Interested
readers should consult Ch. 9 on polarization phenomenon in Ref. [5]. The chapter
underscores, using elementary mathematics and the bulk dipolar polarizability χ,
that without explicitly inserting this light-matter interaction parameter, the under-
standing of the ongoing physical process becomes difficult and confusing.

3. Light does not “see” light

The light wave amplitudes cross propagate and co-propagate through each other
in the absence of interacting materials. This is why experimental astrophysics can
image and analyze individual distant galaxies or stars even though the light selected
by a telescope has crossed through the light beams of innumerable galaxies and/or
stars. This is the same physical reason why we can see (recognize) each other from a
distance, even though the scattered light beams from innumerable other faces and
objects are crossing through each other. Alhazen experimentally validated this non-
interaction of waves, or NIW, about a thousand years ago [6]. This brilliantly
simple experiment is sketched in Figure 1.

Alhazen generated the inverted images of a set of candles through a pinhole
camera. He found that blocking anyone or more candles does not create any changes
in the images of the other candles. Inverted images clearly underscored that the
light from all the candles were crossing through each other at the tiny pinhole.
Alhazen underscored that he did not understand the deeper nature of light. He was
humble.

Much later, Huygens formally postulated NIW in his 1690 book [7] when he
presented his principle of wave propagation visualizing the process as the perpetual
generation of innumerable secondary wavelets out of every point on the wave front.
This also implied that the space is an energetic tension field to be able to support the
perpetual wavelet generation and propagation (Ch. 11 in [5, 8–10]). Huygens
explicitly articulated non-interaction of waves (Figure 2):

Figure 1.
Alhazen’s ancient experiment forced him to conclude that light does not interact with light. We still are
struggling with the wave-particle duality [5].

6

Single Photon Manipulation

For I do not find that any one has yet given a probable explanation of the first and
most notable phenomena of light, namely ……how visible rays, coming from an
infinitude of diverse places, cross one another without hindering one another in any
way. From p. 2 in [7].

In p. 4 of his 1690 book, Huygens clearly anticipated the existence of a
universal tension field, like pressure tension of air, but without any material parti-
cles, which facilitates the perpetual propagation of waves, as sound does in the air.

In 1817, Fresnel gave the mathematical structure to the Huygens principle in
which NIW was automatically built in Huygens-Fresnel diffraction integral
(HFDI). The integral literally propagates innumerable spherical wavelets that keep
evolving through each other while diffractively evolving as co-propagating and
cross propagating through each other [11]. E Pdet:ð Þ is the resultant amplitude:

E Pdet:ð Þ ¼ �i
λ

ðð

Σ
U Psource:ð Þ exp ikrs!dð Þ

rs!d
cos θ ds (1)

Notice that the above HFDI propagates all spherical wave fronts out of every
source point to the detector plane, irrespective of its distance rs!d from the source
plane. These amplitude wave fronts evolve through each other completely inde-
pendent of each other irrespective of how far they are propagating. In other words,
the HFDI has automatically incorporated the NIW property of the waves.

After Maxwell’s wave equation was developed (1867), it was found that HFDI is
a solution to Helmholtz equation, a time-independent form of Maxwell’s general-
ized wave equation. Maxwell’s wave equation accepts any linear superposition of
wave amplitudes as its solution. The physical meaning, in the context of NIW, is
that wave properties of the individual propagating wave remain unaltered as they
cross propagate and/or co-propagate through each other. In other words, light does
not interfere with light in the absence of interacting material, which we have
logically derived in section on “We do not see light,” except through the “eyes” of
interacting materials.

It is then obvious that the generation and spatial superposition of multiple
complex light wave fronts will continue to diffractively evolve and co-propagate as
independent beams. However, when they finally interact with some materials, the
energy transfer to any interacting material will be the square modulus of the sum of
the finally evolved “local” wave front incident on the material. If the material is an
anisotropic polarized detector, it will respond to the square modulus of the sum of
all the amplitude components projected on to its polarization axis. If it is a very
small-suspended anisotropic particle and the state of polarization is rotating slowly

Figure 2.
Huygens’ visualization of the wave propagation process through indefinite number of secondary wavelets,
diffractively evolving through each other, “unperturbed by each other, cross one another without hindering one
another in any way” [7]. This is non-interaction of waves (NIW) [5].
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Figure 1.
Alhazen’s ancient experiment forced him to conclude that light does not interact with light. We still are
struggling with the wave-particle duality [5].
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Figure 2.
Huygens’ visualization of the wave propagation process through indefinite number of secondary wavelets,
diffractively evolving through each other, “unperturbed by each other, cross one another without hindering one
another in any way” [7]. This is non-interaction of waves (NIW) [5].
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in time and if the inertia permits, the anisotropic particle will rotate with the
rotating polarizing field since most materials strongly respond to the resultant E-
vector. However, the original set of multiple co-propagating wave amplitudes does
not reorganize themselves into a single composite wave front because of the over-
riding NIW property of waves.

4. Consequences of assigning detector’s properties to the energy
donating entity

Can we logically confirm that the emission of a single photoelectron proves the
existence of light as “indivisible light quanta”? We should recognize that the indi-
vidual “clicks,” which we register in photon counting electronics, are actually a
brief current pulse, probably, consisting of billions of amplified electrons. It may
not be difficult to validate that this highly amplified current pulse has been origi-
nally triggered by a single photoelectron. However, releasing a quantum-
mechanically bound electron does not necessarily require the presence of a quan-
tum photon of energy hνmn ¼ ΔEmn. The quantum cupful of energy ΔEmn can be
acquired by a quantum entity from almost any source of energy under appropriate
condition of interactions. Ancient humans used to create fire by using sparks gen-
erated by fast mechanical collisions between a pair of stones. They had no idea that
they were inducing quantum transitions in the molecules of the stones while trans-
ferring the classical kinetic energy out of their moving hands! This is why the
quantum formalism does not require any quantum postulate that energy providers
to induce quantum transitions have to have energy-matching quantum states. In
fact, Boltzmann’s classical statistical thermal population density formula has been
co-opted by the quantum mechanics. Un-quantized thermal energy can be absorbed
during thermal collisions by quantum entities to fill up their quantum cups while
accepting only that much of energy that fills up their quantum cups [12].

Toward the end of his life, Einstein, the originator of the concept of “indivisible
light quanta,” clearly stated that even after “50 years of brooding,” he still did not
understand “what are light quanta” [13]. Author was inspired by Einstein’s doubt
and delved into exploring the nature of light for many decades [14–16].

In the section on “We do not see light,” we have underscored that detectors see
light based on their internal physical properties. This is why visual observation of
classical interferometry never pointed us to the quantumness of light. In fact,
Newton was the first inventor of two-beam interferometry. He measured the radius
of curvature of his plano-convex lens by putting it on a flat mirror and shining light
from the top. Note that the debate over wave-particle duality started long time ago
during late 1600 by Newton (“corpuscular”) and Huygens (“wavelet”). Neverthe-
less, they recognized that their debate represented their deeper ignorance about the
fundamental nature of light. We still have not fully understood the deeper nature of
light. Therefore, we should not make the “wave-particle duality” as our confirmed
new knowledge. We should humbly continue to explore the deeper nature of light.
That is the purpose of this chapter.

The first solid reasoning behind theorizing emission and absorption of light from
materials in discrete energy packets was presented by Planck in 1900 to match
analytically the already measured blackbody radiation curve. However, Planck
maintained his understanding that the quantum processes are real only during the
instants of emission and absorption. After emission, the EM energy packet imme-
diately evolves into Huygens’ diffractive wavelets. This is how the diffractive radi-
ation achieves the state of equilibrium energy density within the enclosed
blackbody cavity [14].
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However, during very late 1800, emission of photoelectrons from photocathode
showed some uniqueness. Below some optical frequency, there was no photoelec-
tron emission in spite of increasing the radiation density. Young Einstein correctly
surmised that there is some “quantumness” hidden behind this frequency depen-
dence and no electron emission after a cutoff frequency. Unfortunately, Einstein
assigned this quantumness to light, instead of to the electrons. However, we now
know that electrons are always bound quantum mechanically in all materials, even
when they are bound collectively in quantum energy bands in solid state [15]. Here,
we must recognize that Bohr atom was formulated in 1913 and Quantum Mechanics
was formulated in 1925, many years after the 1905 paper by Einstein on the photo-
electric effect. However, had Einstein correctly assigned the quantumness,
observed in photoelectric effect, to electrons instead of to light, he would have been
able to formulate quantum mechanics the Einsteinian way some 20 years earlier.

We believe that Planck’s view of light is correct. EM waves are classical waves,
solutions of Maxwell’s equation, and propagates following Huygens secondary
wavelets. In fact, Refs. [2–4] have derived the equation for photoelectric emission
using the semiclassical method. Here, we present a heuristic approach to present the
hybrid photon model that is a quantum at the moment of emission but a classical
wave packet with a quasi-exponential temporal envelope. The total energy under
the envelope corresponds to the QM predictions: (i) total energy of the wave packet
is ΔEmn ¼ hνmn, and (ii) the quasi-exponential envelope assures the observed spon-
taneous emission line width as very close to Lorentzian, the Fourier transform of
the amplitude envelope of the light pulse (see Figure 3).

5. Consequences of ignoring interaction process visualization: the
necessity of the hybrid photon model

Let us first recognize that Einstein’s photoelectric equation is an energy-
balancing equation to match the observed data. This is measurable data modeling
epistemology (MDM-E). We need to incorporate interaction process mapping epis-
temology (IPM-E) over and above MDM-E. Einstein’s formulation did not embody
light-matter interaction process, as we have underscored in the section on “Light
does not see light.” For accurate semiclassical derivation of the photoelectric effect,
the readers should consult the following references [2–4]. We will present here only
a heuristic derivation of Einstein’s energy-balancing photoelectric equation, but
starting from light-matter amplitude-amplitude stimulation, the E-vector of light

Figure 3.
Transient quantum photon, immediately after emission from an atom, evolves into a diffractively spreading
classical wave packet with quasi-exponential temporal envelope. All the quantum predictions are preserved.
The total energy carried by the wave packet is ΔEmn ¼ hνmn with the unique carrier frequency νmn. The Fourier
transform of the quasi-exponential envelope gives a spectral line width close to Lorentzian, which is the normal
spectral line width of spontaneous emissions.
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stimulating the dipoles as χ νq
� �

E νq
� �

, containing the bound electrons, where χ νq
� �

is the polarizability, or the light-matter interaction parameter. Since semiclassical
thermal radiation consists of random wave groups emitted spontaneously with
random phases, the total dipolar amplitude-amplitude stimulation of a bound
electron can be expressed as

Ψ ¼
X

q
ψq ¼

X
q
χ νq
� �

E νq
� �

(2)

The bound electron system must absorb the necessary amount of quantum-cup-
filling energy, before the electron can be released to the conduction band or become
a free-space electron. This energy exchange is a quadratic process:

Ψj j2 ¼
X

q
χ νq
� �

E νq
� ����

���
2
∝hνq (3)

For any quantum system, we must take the ensemble average. A single event
(data point), as in Eq. (3), is never sufficient to verify a theory:

Ψj j2
D E

¼
X

q
χ νq
� �

E νq
� ����

���
2

� �
⇔ hνq
� � ¼ ϕwork fn: þ 1=2ð Þmv2el:

D E
(4)

In the right segment of Eq. (4), we have “recovered” Einstein’s photoelectric
energy-balancing equation out of dipole amplitude stimulations due to multitudes
of waves. The left curve in Figure 4 represents the photoelectric current [15].
Waves only fill up the quantum cups with the necessary energy if the dipoles are
resonant to the frequency ν of the incident waves.

6. Discussions

Visible light is always generated through orbital quantum electron transition
processes in atoms. We have presented our hybrid photon model where light is
released as a quantum energy packet, hν, as required by quantum formalism. Then
we posit that immediately after the release of the hν packet, it evolves into a
classical wave packet and follows Maxwell’s wave equation and Huygens-Fresnel
diffraction integral. We generate structured light using classical optical components
and classical optical analytical tools. The possibility of introducing any quantumness
in classical light during this process is difficult to imagine. The author is suggesting
that we should explore the physical response properties of the material particles that

Figure 4.
Left diagram: Emission of photoelectrons from a given material stops at a fixed specific frequency [16]. Middle
diagram: Photoelectron emission from photocathode. Right diagram: Photoelectron transfer from valence to
conduction band.
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are inserted into the structured beams and try to visualize the light-matter dipolar
interaction processes. This would be a better system-engineering approach to
understand different optical phenomena [17, 18].

The key point of the author is that our unquestioned acceptance of the wave-
particle duality has been hindering our deeper enquiry into the ultimate nature of
light. The author has been attempting to inspire this process over decades by
organizing special publications [13] and special conference series at SPIE from 2005
to 2015 [19], publishing experimental papers [20], and writing books [5, 21]. During
this long arduous process, the author has recognized that Huygens principle (HP) of
“secondary wavelets” has deeper enduring value for physics. HP requires space to
be a physical tension field, a complex tension filed or CTF, to facilitate the perpetual
and well-defined velocity of light. CTF possesses the necessary characteristic prop-

erties, which facilitates the perpetual velocity of light, c ¼ ε�1
0 =μ0

� �1=2, through the
entire cosmic space. CTF must also possess other physical attributes that we have
not been exploring actively. Thus, CTF could have serious implications in guiding
us to reorganize our investigations to fulfill Einstein’s dream of defining a unified
field. CTF could be behind the emergence of both the EM waves and the particles as
different kinds of oscillations of the same CTF, which holds 100% of the energy of
our cosmic system (Ch. 11 in [5, 8, 17]).

Optical physicists should note that the two major “successful theories” for grav-
ity, those of Newton and of Einstein, have been unable to explain the velocity
distribution curves measured for a couple hundred galaxies. Therefore, theoretical
physicists have proposed unnecessary postulates of the existence of Dark Matter
and Dark Energy, neither of whose existence has been confirmed over the last

Figure 5.
Left-bottom curves [22]: Gravity theories of Newton and Einstein cannot match the measured velocity
distribution of stars in one particular galaxy. This phenomenon turns out to be true for a couple of hundreds of
galaxies. These two theories are very accurate for our solar system, but not good at the galactic scale. Bottom
right: Huygens 1690 postulate of secondary wavelets [7], framed into Huygens-Fresnel diffraction integral, is
still the core guiding analytical equation for the broad field of physical optics, including generating structured
light.
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several decades. These theories are definitely not wrong. Those who have been
successfully launching and manipulating artificial satellites in our solar system
rarely need to go beyond the mechanics of Newtonian gravity. Einstein’s gravity
correctly predicts the precession of the perihelion of Mercury. However, these
two theories must be limited in capability to model gravity in the galactic scale
(Figure 5).

In contrast, in spite of subtle mathematical issues behind the Huygens postulate
[23] of secondary wavelets, it remains the key foundational guide to propagate light
through free space and non-interacting materials. To model light-matter interac-
tion, Maxwell’s equations have remained quite successful. In the history of physics,
all theories eventually yield to new and better theories. Our attempts should be
directed along these lines. We should not try to keep promoting the general validity
of all working theories.

Optical physicists should explore the deeper enduring values behind the Huygens
principle and find the limits of its application in different optical phenomena to
advance further optical physics. Studies in optical phenomena have been guiding
major advances in physics since ancient times. Starting from the 1600s to 1800s,
advancements in physics were predominantly pioneered by scientists studying the
broad field of optical sciences. However, starting from the early 1900s, this
pioneering role has been shifted from guiding fundamental physics to finding only
novel technical applications of optics. It is time for optical physicists to pick up
more proactive roles in guiding the development of fundamental physics [24].
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Author details

ChandraSekhar Roychoudhuri
Department of Physics, University of Connecticut, Storrs, CT, USA

*Address all correspondence to: chandra.roychoudhuri@uconn.edu

©2019 TheAuthor(s). Licensee IntechOpen. This chapter is distributed under the terms
of theCreativeCommonsAttribution License (http://creativecommons.org/licenses/
by/3.0),which permits unrestricted use, distribution, and reproduction in anymedium,
provided the original work is properly cited.

12

Single Photon Manipulation

References

[1] Einstein A. Concerning a heuristic
point of view about the creation and
transformation of light. Annalen der
Physik. 1905;17:132-148

[2] Lamb WE, Scully MO. Polarization,
matter and radiation, Jubilee volume in
honor of Alfred Kastler. In:
Photoelectric Effect without Photons.
Paris: Presses Universitaires de France;
1969. pp. 363-369

[3] Grynberg G, Aspect A, Fabre C.
Introduction to Quantum Optics: From
the Semi-Classical Approach to
Quantized Light. Cambridge University
Press; 2010

[4] Stroud CR, Jaynes ET. Long-term
solutions in semi-classical radiation
theory. Physical Review A. 1970;1(1):
106-121

[5] Roychoudhuri C. Causal Physics:
Photon by Non-Interaction of Waves.
Boca Raton: Taylor & Francis; 2014

[6] Ronchi V. Nature of Light.
Cambridge: Harvard University Press;
1970. p. 53

[7] Huygens C. Treatise on Light,
drafted in 1678. English translation.
Chicago: University of Chicago Press;
2005 Project Gutenberg Edition:
Available from: http://www.gutenberg.
org/ebooks/14725

[8] Roychoudhuri C. Next frontier in
physics—Space as a complex tension
field. Journal of Modern Physics. 2012

[9] Roychoudhuri C. Could space be
considered as the inertial rest frame? In:
Proc. SPIE. Vol. 9570-30; 2015

[10] Roychoudhuri C. The concept of
“fundamental”must keep evolving, FQXi
essay competition. 2015. Available from:
https://fqxi.org/data/essay-contest-files/
Roychoudhuri_180121_Fundame.pdf

[11] Born M, Wolf E. Principles of
Optics. 6th ed. Cambridge University
Press; 1980

[12] Roychoudhuri C. Hybrid photon
model bridges classical and quantum
optics.In: JW3A.32-1, OSA Annual
Conference; 2017

[13] Roychoudhuri C, Roy R, editors.
The nature of light. What is a photon?
Optics & Photonics News (OSA). 2003.
Available from: https://www.osa-opn.
org/opn/media/Images/PDFs/3185_
6042_30252.pdf?ext=.pdf

[14] Planck M. The Theory of Heat
Radiation. Blakistons Son & Co.; 1914.
Free download from Gutenberg eBooks

[15] Hufner S. Photoelectron
Spectroscopy: Principles and
Applications. Springer; 2010

[16] Bernstein J, Fishbane PM,
Gasiorowicz S. Modern Physics.
Prentice Hall; 2000

[17] Roychoudhuri C. Urgency of
evolution process congruent thinking in
physics. In: An advocacy to elevate the
prevailing abstract physics—Thinking
towards a functionally useful reverse-
engineering thinking, Proc. SPIE. Vol.
9570; 2015

[18] Roychoudhuri C. Consequences of
repeated discovery and benign neglect of
non-interaction ofwaves (NIW). In: Proc.
SPIE. Vol. 10452 1045215; 2017. Available
from: https://spie.org/Publications/
Proceedings/Paper/10.1117/12.2266216

[19] Roychoudhuri C. et al. Key organizer
of the conference series: Nature of light:
What (is) are photons? In: Proc. SPIE
Vol. 5866, 2005; Proc. SPIE Vol. 6664,
2007; Proc. SPIE Vol. 7421, 2009; Proc.
SPIE Vol. 8121, 2011; Proc. SPIE Vol.
8832, 2013; Proc. SPIE Vol. 9570, 2015

13

Do We Manipulate Photons or Diffractive EM Waves to Generate Structured Light?
DOI: http://dx.doi.org/10.5772/intechopen.88849



[20] Roychoudhuri C. Most of the
author’s papers and presentations for
workshop, etc. Available from: http://
www.natureoflight.org/CP/

[21] Roychoudhuri C, Kracklauer AF,
Creath K. The Nature of Light:What Is a
Photon? Boca Raton: Taylor & Francis;
2008

[22] Mannheim PD, O’Brian JG. Fitting
galactic rotation curves with conformal
gravity and a global quadratic potential.
Physical Review D. 2012;85:124020

[23] Goodman J. Fourier Optics. W. H.
Freeman; 2017

[24] Roychoudhuri C, Tirfessa N.
Bringing reality in physics: System
engineering approach to optical
phenomena following Huygens'
Principle. In: Proc. SPIE 11143; 2019.
DOI: 10.1117/12.2523602. Available
from: https://www.spiedigitallibrary.
org/conference-proceedings-of-spie on
08 Jul 2019

14

Single Photon Manipulation

Chapter 2

Quantized Field of Single Photons
Constantin Meis

Abstract

We present theoretical developments expressing the physical characteristics of a
single photon in conformity with the experimental evidence. The quantization of
the electromagnetic field vector potential amplitude is enhanced to a free of cavity
photon state. Coupling the Schrödinger equation with the relativistic massless
particle Hamiltonian to a symmetrical vector potential relation, we establish the
vector potential - energy equation for the photon expressing the simultaneous wave-
particle nature of a single photon, an intrinsic physical property. It is shown that the
vector potential can be naturally considered as a real wave function for the photon
entailing a coherent localization probability. We deduce directly the electric and
magnetic field amplitudes of the cavity-free single photon, which are revealed to be
proportional to the square of the angular frequency. The zero-energy electromag-
netic field ground state (EFGS), a quantum vacuum real component, issues natu-
rally fromMaxwell’s equations and the vector potential quantization procedure. The
relation of the quantized amplitude of the photon vector potential to the electron-
positron charge results directly showing the physical relationship between photons
and electrons-positrons that might be at the origin of their mutual transformations.
It becomes obvious that photons, as well as electrons-positrons, are issued from
the same quantum vacuum field.

Keywords: single photon, vector potential, photon wave-particle equation,
photon wave function, photon electric field, electromagnetic field ground state,
electron-positron charge

1. Introduction

During the last decades, an impressive technological development has been
achieved permitting the manipulation of single photons with a high degree of
statistical accuracy. However, despite the significant experimental advances, we
still do not have a clear physical picture of a single photon state universally accepted
by the scientific community, especially involved in quantum electrodynamics. In
this chapter, based on the present state of knowledge, we make a synthesis of the
physical characteristics of a single photon put in evidence by the experiments, and
we advance theoretical developments for its representation. Accordingly, the
concept of the wave-particle nature of a single photon becomes physically compre-
hensive and in agreement with the experimental evidence.

However, before advancing in the theoretical developments, we consider that it
is important starting with a brief historical review on the efforts carried out previ-
ously for understanding the nature of light while simultaneously making a synthesis
of the main experimental results which are of crucial importance for the
comprehension of the birth of the photon concept.
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The very first scientific publications on the nature of light are due to ancient
Greeks who believed light is composed of corpuscles [1, 2]. Around 300 BC Euclid
published the book Optica in which he developed the laws of reflection based on the
rectilinear propagation of light. Two centuries later, Ptolemy of Alexandria
published the book Optics, in which he included extensively all the previous knowl-
edge on light. In this book, colours as well as refraction of the moonlight and
sunlight by the earth’s atmosphere were analysed. After Ptolemy of Alexandria,
almost no progress has been reported until the seventeenth century.

In the year of 1670, Newton revived the ideas of ancient Greeks and advanced
the theory following that light is composed of corpuscles that travel rectilinearly
[3]. Ten years later, Huygens developed the principles of the wave theory of light
[1, 4, 5]. Huygens’wave theory was a hard opponent to Newton’s corpuscle concept.
In the beginning of the nineteenth century, Young obtained experimentally inter-
ference patterns using different sources of light and explained some polarisation
observations by assuming that light oscillations are perpendicular to the propaga-
tion axis [1, 6]. Euler and Fresnel explained the diffraction patterns observed
experimentally by applying the wave theory [6]. In 1865, Maxwell published his
theory on the electromagnetic waves establishing the relations between the electric
and magnetic fields and showing that light is composed of electromagnetic waves
[7]. A few years later, Hertz confirmed Maxwell’s theory by discovering the long-
wavelength electromagnetic radiation [1, 7]. Thus, at the end of the nineteenth
century, the scientific community started to accept officially the wave nature of
light replacing Newton’s theory.

Nevertheless, new events supporting the particle nature of light occurred in the
beginning of the twentieth century. Stefan and Wien discovered the direct rela-
tionship between the thermal radiation energy and the temperature of a black body
[8, 9]. However, the emitted radiation energy density as a function of the temper-
ature calculated by Rayleigh failed to describe the experimental results at short
wavelengths. Scientists had given the name “UV catastrophe” to this problem
revealing the necessity of a new theoretical approach. Planck managed to establish
the correct energy density expression for the radiation emitted by a black body with
respect to temperature, in excellent agreement with the experiment [8]. For that
purpose, he assumed that the bodies are composed of “oscillators” which have the
particularity of emitting the electromagnetic energy in “packets” of hν, where ν is
the frequency and h is a constant that was later called Planck’s constant. During the
same period, the experiments carried out by Michelson et al. [10] demonstrated that
the speed of light in vacuum is a universal physical constant corresponding to the
product of the frequency ν times the wavelength λ, that is, c = λ ν.

In 1902, Lenard pointed out that the photoelectric effect, discovered by Hertz 15
years earlier [11], occurs beyond a threshold frequency of light and the kinetic
energy of the emitted electrons does not depend on the incident light intensity.
Based on Planck’s works, Einstein proposed a simple interpretation of the photo-
electric effect assuming that the electromagnetic radiation is composed of quanta
with energy hν [12]. He advanced that the energy of a light ray when spreading from a
point consists of a finite number of energy quanta localised in points in space, which move
without dividing and are only absorbed and emitted as a whole. Although that was a
decisive step towards the particle theory of light, the concept of the light quanta was
still not generally accepted, and Bohr, who was strongly opposed to the particle
concept of light [13], announced in his Nobel lecture (1922) that the light quantum
hypothesis is not compatible with the interference phenomena and consequently it cannot
throw light in the nature of radiation. Bohr’s statement was rather surprising because
Taylor’s experiments, consisting of repeating Young’s double slit diffraction at
extremely low light intensities, had already demonstrated since 1909 that light rays
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are composed of discrete parts whose spots compose the diffraction patterns by
gradual accumulation on the detection screen [14]. Compton published his studies
on X-rays scattered by free electrons in 1923 advancing that the experimental
results could only be interpreted based on the light quanta model [15].

Thus, the photoelectric effect and Compton scattering have been initially con-
sidered as the undoubtable demonstrations of the particle nature of light and his-
torically were the strongest arguments in favour of the light quanta concept, which
started to be universally accepted, and Lewis introduced the word “photon”, from
the Greek word phos (Φωs, which means light) [1, 4].

Therein, it is extremely important to mention that Wentzel in 1926 [16] and
Beck in 1927 [17], as well as much later Lamb and Scully in the 1960s [18], demon-
strated that the photoelectric effect can be interpreted remarkably well by only
considering the wave nature of light, without referring to photons at all [19].
Furthermore, the Compton scattering has been fully interpreted by Klein and
Nishina in 1929 [20] also by considering the electromagnetic wave nature of light
without invoking the photon concept. On the other hand, Young’s experiment,
initially presented as the most convincing argument for the wave nature of light,
was applied by Taylor at very low intensities to demonstrate the particle concept of
light [14]. Indeed, much later Jin et al. [21] published an excellent theoretical
interpretation of Young’s diffraction experiments based only on the particle repre-
sentation of light.

Thus, the picture on the nature of light in the 1930s was rather confusing since
both opposite sides defending the wave or the particle nature advanced equally
strong arguments. Hence, Bohr, inspired by de Broglie’s thesis on the simultaneous
wave character of particles, announced the complementarity principle according to
which light has both wave and particle natures appearing mutually exclusively in each
specific experimental condition [1, 2, 19].

The development of lasers [22] in the 1960s and the revolutionary parametric
down-convertion techniques [23, 24] in the 1970s, have made it possible to realise
conditions in which, with a convenient statistical confidence, only a single photon
may be present in the experimental apparatus. In this way, the double-prism
experiment [25] realised in the 1990s contradicted for the first time Bohr’s mutual
exclusiveness demonstrating that a single photon exhibits both the wave and particle
natures in the same experimental conditions.

According to the experimental investigations, it has been always stated that a
photon has circular, left or right, polarisation with spin �h=2π and cannot be
conceived along the propagation axis within a length shorter than its wavelength
[26]. Indeed, since Mandel’s experiments in the 1960s [27, 28], all the efforts to
localise precisely a single photon remained fruitless yielding the conclusion is that a
photon cannot be better localised than within a volume of the order of the cube of
its wavelength [29, 30]. Furthermore, Grangier et al. demonstrated experimentally
the indivisibility of photons [19, 31], while in recent years the entangled state
experiments [29, 30] have shown that the photon should be locally an integral
entity during the detection procedure but with a real non-local wave function.

The lateral expansion of a single photon, considered locally as an indivisible
entity, was always an intriguing part of physics. With the purpose of studying the
lateral expansion of the electromagnetic rays, Robinson in 1953 [32] and Hadlock
in 1958 [33] carried out experiments using microwaves crossing small apertures
and deduced that no energy is transmitted through apertures whose dimensions
are smaller than roughly �λ/4. In 1986, for the same purpose, Hunter and
Wadlinger [34, 35] used X-band microwaves with λ = 28.5 mm and measured the
transmitted power through rectangular or circular apertures of different
dimensions. They concluded that no energy is transmitted when the apertures are
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smaller than �λ/π confirming that the lateral expansion of the photons is a fraction
of the wavelength.

Thus, the experiments have shown that the single photon is not a point and
cannot be localised at a coordinate, as stated by Einstein, while it can exhibit both
the wave and particle natures in the same experimental conditions contradicting
Bohr’s mutual exclusiveness. However, quantum electrodynamics (QED) has been
developed during the 1930s to 1960s based upon the point particle model for the
photon [36–39]. In fact, the point photon concept has permitted to establish an
efficient mathematical approach for describing states before and after an interac-
tion processes [19, 39–41], but it is naturally inappropriate for the description of
the real nature of a single photon.

Finally, what we can essentially draw out by summing up the experimental
evidence is that a single photon is a minimum, local, indivisible part of the electro-
magnetic field with precise energy hν and momentum hν/c, having circular left or
right polarisation with spin �h=2π, respectively. It is not a point particle since it
expands over a wavelength λ along the propagation axis and is detectable within a
volume of the order of λ3 entailing that its lateral expansion is a fraction of its
wavelength. Hence, it appears to be a local “wave-corpuscle” guided by a
non-local wave function, absorbed and emitted as a whole and capable of
interacting with charges increasing or decreasing its frequency and consequently
its energy.

In what follows, we present first the standard theoretical representation of the
electromagnetic field quantization resulting in photons, and next we proceed to
recent advances based on the vector potential quantization enhanced to a single
photon state.

2. The electromagnetic field vector potential

2.1 Reality of the vector potential

Since the formulation of Maxwell’s equations, the vector potential A
!

r!; t
� �

was

considered as a pure mathematical artefact [4, 5, 7] used to calculate the electric field:

E
!
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!

r!; t
� �
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(1)

where Φ r!; t
� �

is the scalar potential, as well as the magnetic field:
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!

r!; t
� �

¼∇
!� A

!
r!; t

� �
(2)

In 1949, Ehrenberg and Siday were the first to put in evidence the influence of
the vector potential on charged particles [42] deducing that it is a real physical field.
Ten years later, Aharonov and Bohm re-infirmed the influence of the vector poten-
tial on electrons in complete absence of electric and magnetic fields [43]. That was
confirmed experimentally by Chambers [44], Tonomura et al. [45], and Osakabe
et al. [46] demonstrating without any doubt the reality of the vector potential field
end its direct influence on charges.

From a theoretical point of view [43], the behaviour of a particle with charge q
and mass m in the vicinity of a solenoid where the vector potential is present is
described by the Hamiltonian:
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H ¼ 1
2m

�iℏ ∇
! �qA

!
r!; t

� �� �2
þ qΦ r!; t

� �
(3)

with ℏ ¼ h=2π as Planck’s reduced constant.
If the solenoid is extremely long along the z axis, then the magnetic field is

uniform in the region inside and zero outside. The scalar potential Φ can be put to
zero by assuming that the solenoid is not charged. In this case, in the outside region,
the electric and magnetic fields are zero, but the vector potential is not zero and
depends on the magnetic field flux in the solenoid:

A
! ¼ 1

2π r

ð

s
B
! � dS! êθ (4)

where r is the radial distance from the z axis of the solenoid, S is the surface of
the circle with radius r perpendicular to z, and êθ is the angular unit vector in
cylindrical coordinates.

The Schrödinger equation for a charged particle outside the solenoid, where the
vector potential is not zero, writes in complete absence of any other external
potential:

iℏ
∂

∂t
Ψ r!; t
� �

¼ 1
2m

iℏ ∇
! þqA

!� �2
Ψ r!; t
� �

(5)

with A
!
given by Eq. (4). The solutions of the last equation are the wave func-

tions:

Ψ r!; t
� �

¼ Ψp r!; t
� �

e
iq
ℏ

Ð r!

0
A
!

r!0ð Þ�d r!0
(6)

where Ψp r!; t
� �

is the solution of Schrödinger’s equation in absence of the vector

potential:

iℏ
∂

∂t
Ψp r!; t

� �
¼ � ℏ2

2m
∇
!2Ψp r!; t

� �
(7)

The exponential part of the wave function of Eq. (6) entails that two particles
have equal charge and mass moving both outside the solenoid at the same distance

from the axis, but the first in the same direction with the vector potential A
!
and the

second in the opposite direction will suffer a phase difference:

δΘ ¼ q
ℏ

ð

s
B
! � dS! (8)

Interference patterns for electrons in analogue conditions have been observed
experimentally [44–46] demonstrating that the vector potential is a real physical
field and interacts directly with charged particles in complete absence of magnetic
and electric fields and of any other potential.

2.2 The radiation vector potential: classical to quantum link

The vector potential, being a real field, is considered as the fundamental link
between the electromagnetic wave theory issued from Maxwell’s equations and the
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smaller than �λ/π confirming that the lateral expansion of the photons is a fraction
of the wavelength.
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!

r!; t
� �

was

considered as a pure mathematical artefact [4, 5, 7] used to calculate the electric field:

E
!

r!; t
� �

¼ �∂A
!

r!; t
� �

=∂t� ∇
!
Φ r!; t
� �

(1)

where Φ r!; t
� �

is the scalar potential, as well as the magnetic field:

B
!

r!; t
� �

¼∇
!� A

!
r!; t

� �
(2)

In 1949, Ehrenberg and Siday were the first to put in evidence the influence of
the vector potential on charged particles [42] deducing that it is a real physical field.
Ten years later, Aharonov and Bohm re-infirmed the influence of the vector poten-
tial on electrons in complete absence of electric and magnetic fields [43]. That was
confirmed experimentally by Chambers [44], Tonomura et al. [45], and Osakabe
et al. [46] demonstrating without any doubt the reality of the vector potential field
end its direct influence on charges.

From a theoretical point of view [43], the behaviour of a particle with charge q
and mass m in the vicinity of a solenoid where the vector potential is present is
described by the Hamiltonian:
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particle concept in quantum electrodynamics (QED) [19, 36, 39]. We will show
analytically how this link is established.

In the classical theory [5, 7], the energy density of a mode k of the electromag-
netic wave writes:

Wk r!; t
� �

¼ 1
2

ε0 E
!
k r!; t
� ����

���
2
þ 1
μ0

B
!
k r!; t
� ����

���
2

� �
(9)

where ε0 and μ0 are the electric permittivity and magnetic permeability of the
vacuum, respectively, related to the speed of light in vacuum c by ε0μ0c2 ¼ 1.

In the case of a monochromatic plane wave with angular frequency ωk, the

electric Ek
!

r!; t
� �

and magnetic Bk
!

r!; t
� �

fields are proportional to the vector

potential amplitude A0k ωkð Þ:

Ek
!

r!; t
� �

¼ �2ωk A0k ωkð Þ ε̂ sin k
! � r! �ωk t

� �
(10)

Bk
!

r!; t
� �

¼ � 1
c
2ωk A0k ωkð Þ k̂ � ε̂

� �
sin k

! � r! �ωkt
� �

(11)

where ε̂ is a unit vector perpendicular to the propagation axis, k
!���
��� ¼ 2π=λk is the

wave vector along the propagation axis, and λk is the wavelength of the mode k.
Introducing Eqs. (10) and (11) in Eq. (9), the energy density now depends on

the square of the vector potential amplitude:

Wk r!; t
� �

¼ 4ε0ω2
k A0k ωkð Þj j2 sin 2 k

! � r! �ωk t
� �

(12)

The mean value over a period, thus over a wavelength, is time independent:

Wk ¼ 2ε0ω2
k A0k ωkð Þj j2 (13)

Note that the last equation expressing the mean energy density over a period of
the mode k of the electromagnetic wave is independent on any external volume
yielding that in the classical description, a free of cavity electromagnetic radiation
mode expands naturally within a minimum volume. In a given cavity, this volume
corresponds roughly to that imposed by the boundary conditions and the cut-off
wave vectors [4, 5, 7].

On the other hand, in the quantum description, the energy density for a number
N ωkð Þ of k-mode photons with angular frequency ωk and energy ℏωk in a volume V
writes simply:

Wk ¼ N ωkð Þℏωk

V
(14)

In order to link the classical to the quantum description [4, 9, 19], the classical
mean energy density over a period, expressed by Eq. (13), is imposed to be equiv-
alent to the quantum mechanics expression of Eq. (14) for N ωkð Þ ¼ 1 getting the
vector potential amplitude for a single k-mode photon:

A0k ωkð Þj j ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ℏ
2ε0ωk V

s
(15)
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The last relation is the fundamental link between the classical and quantum
theory of light which is used to define in QED the vector potential amplitude
operators for a single photon [19, 26, 29, 36–41]:

~Akλ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ℏ
2ε0ωkV

s
akλ

~A
∗
kλ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ℏ

2ε0ωkV

s
aþkλ (16)

where akλ and aþkλ are, respectively, the annihilation and creation non-Hermitian
operators for a k-mode and λ-polarisation photon.

Therein, it is worth noting that an external arbitrary volume parameter V
appears in the vector potential amplitude of the single photon, expressed by
Eq. (15), which is supposed to be an intrinsic physical property. This could entail
the unphysical interpretation that a single photon in an infinite cavity has zero
vector potential, thus zero electric and magnetic fields and consequently zero
energy. This ambiguity, which is scarcely quoted in the literature, is lifted by
considering that, in the case of a single photon, the volume V in Eq. (15) is equiva-
lent to that defined by the boundary conditions in a cavity for the single radiation
mode k.

3. Electromagnetic field quantization and the photon description

3.1 Harmonic oscillator representation of the electromagnetic field

The energy of the electromagnetic field in a volume V considered as a
superposition of different k-modes and λ-polarisations is obtained directly from
Eq. (13):

EEM ¼ 2ε0V
X
k, λ

ω2
k Akλ ωkð Þj j2 (17)

where the summation over the λ-polarisations takes only two values
corresponding to circular left and right [19, 36–41].

Replacing in Eq. (17) the vector potential amplitude and its conjugate by the
relations of the vector potential amplitude operators defined in Eq. (16), we get the
“normal ordering” radiation Hamiltonian corresponding to the order aþkλakλ of the
creation and annihilation operators:

~HNO ¼
X
k, λ

aþkλakλℏωk (18)

and the “anti-normal ordering” Hamiltonian corresponding to the order akλaþkλ

~HANO ¼
X
k, λ

aþkλakλ þ 1
� �

ℏωk (19)

where we have used the fundamental commutation relation in quantum
electrodynamics:

akλ; aþkλ
� � ¼ 1 (20)
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vacuum, respectively, related to the speed of light in vacuum c by ε0μ0c2 ¼ 1.
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wave vector along the propagation axis, and λk is the wavelength of the mode k.
Introducing Eqs. (10) and (11) in Eq. (9), the energy density now depends on

the square of the vector potential amplitude:
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The mean value over a period, thus over a wavelength, is time independent:
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k A0k ωkð Þj j2 (13)

Note that the last equation expressing the mean energy density over a period of
the mode k of the electromagnetic wave is independent on any external volume
yielding that in the classical description, a free of cavity electromagnetic radiation
mode expands naturally within a minimum volume. In a given cavity, this volume
corresponds roughly to that imposed by the boundary conditions and the cut-off
wave vectors [4, 5, 7].

On the other hand, in the quantum description, the energy density for a number
N ωkð Þ of k-mode photons with angular frequency ωk and energy ℏωk in a volume V
writes simply:

Wk ¼ N ωkð Þℏωk

V
(14)

In order to link the classical to the quantum description [4, 9, 19], the classical
mean energy density over a period, expressed by Eq. (13), is imposed to be equiv-
alent to the quantum mechanics expression of Eq. (14) for N ωkð Þ ¼ 1 getting the
vector potential amplitude for a single k-mode photon:
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The last relation is the fundamental link between the classical and quantum
theory of light which is used to define in QED the vector potential amplitude
operators for a single photon [19, 26, 29, 36–41]:

~Akλ ¼
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aþkλ (16)

where akλ and aþkλ are, respectively, the annihilation and creation non-Hermitian
operators for a k-mode and λ-polarisation photon.

Therein, it is worth noting that an external arbitrary volume parameter V
appears in the vector potential amplitude of the single photon, expressed by
Eq. (15), which is supposed to be an intrinsic physical property. This could entail
the unphysical interpretation that a single photon in an infinite cavity has zero
vector potential, thus zero electric and magnetic fields and consequently zero
energy. This ambiguity, which is scarcely quoted in the literature, is lifted by
considering that, in the case of a single photon, the volume V in Eq. (15) is equiva-
lent to that defined by the boundary conditions in a cavity for the single radiation
mode k.

3. Electromagnetic field quantization and the photon description

3.1 Harmonic oscillator representation of the electromagnetic field

The energy of the electromagnetic field in a volume V considered as a
superposition of different k-modes and λ-polarisations is obtained directly from
Eq. (13):

EEM ¼ 2ε0V
X
k, λ

ω2
k Akλ ωkð Þj j2 (17)

where the summation over the λ-polarisations takes only two values
corresponding to circular left and right [19, 36–41].

Replacing in Eq. (17) the vector potential amplitude and its conjugate by the
relations of the vector potential amplitude operators defined in Eq. (16), we get the
“normal ordering” radiation Hamiltonian corresponding to the order aþkλakλ of the
creation and annihilation operators:

~HNO ¼
X
k, λ

aþkλakλℏωk (18)

and the “anti-normal ordering” Hamiltonian corresponding to the order akλaþkλ

~HANO ¼
X
k, λ

aþkλakλ þ 1
� �

ℏωk (19)

where we have used the fundamental commutation relation in quantum
electrodynamics:

akλ; aþkλ
� � ¼ 1 (20)
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In Dirac’s representation the eigenfunctions take the simple expression nkλj i,
and the action of the creation and annihilation operators of a single k-mode and
λ-polarisation photon writes:

aþkλ nkλj i ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
nkλ þ 1

p
nkλ þ 1j i; akλ nkλj i ¼ ffiffiffiffiffiffi

nkλ

p
nkλ � 1j i (21)

The successive action of both operators in the normal order corresponds to the
photon number Hermitian operator ~nkλ ¼ aþkλakλ having the eigenvalue nkλ

representing the number of k-mode and λ-polarisation photons:

aþkλakλ nkλj i ¼ ~nkλ nkλj i ¼ nkλ nkλj i (22)

In this representation the normal and anti-normal ordering radiation
Hamiltonians write, respectively:

~HNO ¼
X
k, λ

~nkλℏωk; ~HANO ¼
X
k, λ

~nkλ þ 1Þℏωk
�

(23)

We obtain a harmonic oscillator Hamiltonian for the electromagnetic field by
considering the mean value of the normal ordering and anti-normal ordering Ham-
iltonians:

~HEM ¼ 1
2

~HNO þ ~HANO
� � ¼

X
k, λ

~nk,λ þ
1
2

� �
ℏωk (24)

Thus, in QED the electromagnetic field is considered to be an ensemble of
harmonic oscillators each represented by a point particle, the photon, whose
eigenfunction is denoted simply by 1kλj i [19, 39, 41].

Although we have no experimental facts showing the harmonic oscillator nature
of a single photon, this representation has been adopted since the 1930s [37].

In a different way, a harmonic oscillator representation for the electromagnetic
field can be obtained by the intermediate of the canonical variables of position Qkλ
and momentum Pkλ. For that purpose we introduce the definitions expressing the
vector potential amplitude and its complex conjugate with respect to Qkλ and Pkλ
[19, 29, 41]:

Akλ ¼ ωkQkλ þ iPkλð Þ
2ωk

ffiffiffiffiffiffiffiffi
ε0V

p ; A ∗
kλ ¼

ωkQkλ � iPkλð Þ
2ωk

ffiffiffiffiffiffiffiffi
ε0V

p (25)

Introducing the last expressions in Eq. (17), we get the electromagnetic field
energy:

EEM ¼ 1
2

X
k, λ

P2
kλ þ ω2

kQ
2
kλ

� �� iωk Qkλ;Pkλ½ � (26)

where the (+) sign is obtained when Eq. (17) is considered initially to be in the
“normal order”, A ∗

kλAkλ, and the (�) one when in the “anti-normal order” AkλA ∗
kλ.

With the purpose of establishing a harmonic oscillator representation for the
electromagnetic field, it is generally considered that Qkλ;Pkλ½ � ¼ 0 in Eq. (26),
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because Qkλ and Pkλ are simply canonical variables, getting the energy of an
ensemble of harmonic oscillators:

EEM ¼ 1
2

X
k, λ

P2
kλ þ ω2

kQ
2
kλ

� �
(27)

Replacing in the last equation the classical canonical variables of position and
momentum with the corresponding Hermitian operators [19, 29, 41]:

~Pkλ ¼ i

ffiffiffiffiffiffiffiffi
ℏωk

2

r
aþkλ � akλ

� �
; ~Qkλ ¼

ffiffiffiffiffiffiffiffi
ℏ
2ωk

s
aþkλ þ akλ

� �
(28)

and putting aþkλakλ ¼ ~nkλ, one gets the harmonic oscillator Hamiltonian for the
radiation field:

~HEM ¼
X
k, λ

~nk,λ þ
1
2

� �
ℏωk (29)

At that level it is important to note that, for a harmonic oscillator of a particle
with mass m and momentum p!¼ mdq!=dt, with canonical variables of position

Q ¼ q!
���

��� ffiffiffiffi
m

p
and momentum P ¼ p!

���
���= ffiffiffiffi

m
p

, the transition from the classical expres-

sion of energy:

E ¼ 1
2

P2 þ ω2Q2� �
(30)

to the quantum mechanics Hamiltonian:

~H ¼ 1
2

~P
2 þ ω2 ~Q

2
� �

¼ aþaþ 1
2

� �
ℏω ¼ ~n þ 1

2

� �
ℏω (31)

where ~P ¼ i
ffiffiffiffiffi
ℏω
2

q
aþ � að Þ, ~Q ¼

ffiffiffiffi
ℏ
2ω

q
aþ þ að Þ, and ~n ¼ aþa is direct and needs no

commutation operations between the canonical variables P and Q [19, 39].
Consequently, the harmonic oscillator Hamiltonian for a particle of mass m

expressed by Eq. (31) is a quite physical result (e.g., phonons in solid-state physics)
obtained with a perfect correspondence between the classical canonical variables of
momentum and position P and Q, respectively, and the corresponding Hermitian
operators ~P and ~Q .

Conversely, this is not the case for the electromagnetic field [19, 29, 39] because
commutations between the canonical variables Qkλ and Pkλ occur during the math-
ematical transition from Eq. (17) to Eq. (26). It is then considered that Qkλ;Pkλ½ � ¼ 0
in order to obtain Eq. (27) just before replacing the canonical variables by the
corresponding quantum mechanics operators. Therein, it is important to remark
that Heisenberg’s commutation relation ~Qkλ;

~Pk0λ0 � ¼ iℏδkk0δλλ0
�

is a fundamental
concept of quantum mechanics, which should not be ignored when replacing
classical variables by the corresponding quantum mechanics operators [19]. In fact,
without dropping Qkλ;Pkλ½ � in Eq. (26) and replacing the canonical variables by the
corresponding quantum operators of Eq. (28), we get naturally the same normal
ordering and anti-normal ordering radiation Hamiltonians as in Eq. (23):
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because Qkλ and Pkλ are simply canonical variables, getting the energy of an
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momentum with the corresponding Hermitian operators [19, 29, 41]:

~Pkλ ¼ i

ffiffiffiffiffiffiffiffi
ℏωk

2

r
aþkλ � akλ

� �
; ~Qkλ ¼

ffiffiffiffiffiffiffiffi
ℏ
2ωk

s
aþkλ þ akλ

� �
(28)

and putting aþkλakλ ¼ ~nkλ, one gets the harmonic oscillator Hamiltonian for the
radiation field:

~HEM ¼
X
k, λ

~nk,λ þ
1
2

� �
ℏωk (29)

At that level it is important to note that, for a harmonic oscillator of a particle
with mass m and momentum p!¼ mdq!=dt, with canonical variables of position

Q ¼ q!
���

��� ffiffiffiffi
m

p
and momentum P ¼ p!

���
���= ffiffiffiffi

m
p

, the transition from the classical expres-

sion of energy:

E ¼ 1
2

P2 þ ω2Q2� �
(30)

to the quantum mechanics Hamiltonian:

~H ¼ 1
2

~P
2 þ ω2 ~Q

2
� �

¼ aþaþ 1
2

� �
ℏω ¼ ~n þ 1

2

� �
ℏω (31)

where ~P ¼ i
ffiffiffiffiffi
ℏω
2

q
aþ � að Þ, ~Q ¼

ffiffiffiffi
ℏ
2ω

q
aþ þ að Þ, and ~n ¼ aþa is direct and needs no

commutation operations between the canonical variables P and Q [19, 39].
Consequently, the harmonic oscillator Hamiltonian for a particle of mass m

expressed by Eq. (31) is a quite physical result (e.g., phonons in solid-state physics)
obtained with a perfect correspondence between the classical canonical variables of
momentum and position P and Q, respectively, and the corresponding Hermitian
operators ~P and ~Q .

Conversely, this is not the case for the electromagnetic field [19, 29, 39] because
commutations between the canonical variables Qkλ and Pkλ occur during the math-
ematical transition from Eq. (17) to Eq. (26). It is then considered that Qkλ;Pkλ½ � ¼ 0
in order to obtain Eq. (27) just before replacing the canonical variables by the
corresponding quantum mechanics operators. Therein, it is important to remark
that Heisenberg’s commutation relation ~Qkλ;

~Pk0λ0 � ¼ iℏδkk0δλλ0
�

is a fundamental
concept of quantum mechanics, which should not be ignored when replacing
classical variables by the corresponding quantum mechanics operators [19]. In fact,
without dropping Qkλ;Pkλ½ � in Eq. (26) and replacing the canonical variables by the
corresponding quantum operators of Eq. (28), we get naturally the same normal
ordering and anti-normal ordering radiation Hamiltonians as in Eq. (23):
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2
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� �
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EM ¼ 1

2

X
k, λ
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2
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� �

0
BBBB@
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CCCCA

¼
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X
k, λ

~nkλℏωk

~HANO ¼
X
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~nkλ þ 1ð Þ ℏωk

0
BB@

1
CCA

(32)

Obviously, as frequently quoted [2, 19, 39], the fundamental mathematical
ambiguity consisting of cancelling the commuting classical variable term
Qkλ;Pkλ½ � ¼ 0 before the substitution by non-commuting quantum mechanics
operators ~Qkλ;

~Pk0λ0 � ¼ iℏδkk0δλλ0
�

leads to the harmonic oscillator Hamiltonian for the
electromagnetic field.

In fact, since no experiment has yet demonstrated that a single photon is a
harmonic oscillator, the main reason for considering the electromagnetic field as an
ensemble of harmonic oscillators lies in the importance of the zero-point energy
(ZPE) issued in absence of photons from the eigenvalue nkλ ¼ 0 of Eq. (29)
corresponding to the vacuum energy:

EZPE ¼
X
k, λ

1
2
ℏωk (33)

The summation of the last expression over all modes and polarisations is
infinite and represents the principal singularity in the QED formalism
[19, 26, 29, 36, 39].

Nevertheless, the zero-point energy is very important because it is considered to
be the basis for the explanation of the vacuum effects such as the spontaneous
emission, the Lamb shift and the Casimir effect. However, as pointed out by many
authors [19, 26, 39, 41], it is important to underline that the explanation of the
spontaneous emission and the Lamb shift in QED is not due to Eq. (33) but precisely
to the commutation properties of the photon creation and annihilation operators, aþkλ
and akλ, respectively. It has to be emphasized that in quantum mechanics theory
Eq. (33), being a constant, commutes with all Hermitian operators corresponding
to physical observables and consequently has absolutely no influence to any
quantum process.

Conversely, the zero-point energy expressed by Eq. (33) is useful for the expla-
nation of the spontaneous emission and the Lamb shift in the classical description of
radiation [2, 39, 47].

Regarding the Casimir effect, it is often commented that caution has to be taken
concerning the interpretation of its physical origin because it has been demon-
strated by different methods [48–50] that it can be easily explained using classical
electrodynamics without invoking at all the zero-point energy.

Hence, in view of the above, the normal ordering Hamiltonian is the one mainly
used in QED, casting aside the vacuum singularity issued from the harmonic oscil-
lator formalism, while the zero-point energy issued from the harmonic oscillator
Hamiltonian is principally useful in the classical formalism for the interpretation of
the vacuum effects [2, 19, 39, 47].

3.2 Electromagnetic field vector potential quantization in QED

We have analysed in Section 3.1 the electromagnetic field energy quantization
according to the harmonic oscillator representation. Now, we will analyse the vector
potential field quantization following the second quantisation process.
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Considering the natural units ℏ ¼ c ¼ 1ð Þ, the radiation vector potential writes
within the frame of the quantum field theory (QFT) [26, 38]:

A
!

xð Þ ¼
ð

d3k

2πð Þ32k0
X2
λ¼1

ε̂kλ α λð Þ kð Þe�ikx þ α λð Þþ kð Þeikx
h i

(34)

with

α λð Þ kð Þ; α λ0ð Þþ k0
� �h i

¼ 2k0 2πð Þ3δλλ0δ3 k
! � k

!0
� �

(35)

where δλλ0 is the Kronecker delta, δ
3 k

! � k
!0

� �
is the Dirac delta function, and

α λð Þ kð Þ ¼ 2k0ð Þ1=2 2πð Þ3=2αkλ; α λð Þþ kð Þ ¼ 2k0ð Þ1=2 2πð Þ3=2αþkλ (36)

Using Eq. (36) in Eq. (34), the vector potential becomes:

A
!

xð Þ ¼
ð

d3k

2πð Þ3=2 2k0ð Þ1=2
X2
λ¼1

ε̂kλ αkλe�ikx þ αþkλe
ikx� �

(37)

with ωk ¼ k
!2

þ l2
� �1=2

and k2 ¼ k20 � k
!� �2

¼ l2.

For k ¼ l ¼ 0 then k0 ¼ k
!���
��� ¼ ωk and Eq. (37) writes:

A
!

xð Þ ¼
ð

d3k

2πð Þ3=2
ffiffiffiffiffiffiffiffi
1

2ωk

r X2
λ¼1

ε̂kλ αkλe�ikx þ αþkλe
ikx� �

(38)

Suppressing the natural units (i.e., introducing c and ℏ) and transforming
the last equation in the SI system, which is generally used in QED, we get
[38, 41, 51].

A
!

xð Þ ¼
ð

d3k

2πð Þ3=2

ffiffiffiffiffiffiffiffiffiffiffiffi
ℏ

2ε0ωk

s X2
λ¼1

ε̂kλ αkλe�ikx þ αþkλ kð Þeikx� �
(39)

On the basis of the density of state theory, the quantization of a field in a cavity
of volume V permits to transform the continuous summation over the modes to a
discrete one [19, 51]:

ð
d3k

2πð Þ3=2
¼

ffiffiffiffi
1
V

r X
k

(40)

The last transformation is only valid for an ensemble of modes k whose
wavelengths λk are much shorter than the characteristic dimensions of the volume V
[19, 29, 39, 41].

Switching now to Heisenberg’s representation:

αkλ tð Þ ¼ αkλe�iωkt ; αþkλ tð Þ ¼ αþkλe
iωkt (41)
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Obviously, as frequently quoted [2, 19, 39], the fundamental mathematical
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Qkλ;Pkλ½ � ¼ 0 before the substitution by non-commuting quantum mechanics
operators ~Qkλ;

~Pk0λ0 � ¼ iℏδkk0δλλ0
�

leads to the harmonic oscillator Hamiltonian for the
electromagnetic field.

In fact, since no experiment has yet demonstrated that a single photon is a
harmonic oscillator, the main reason for considering the electromagnetic field as an
ensemble of harmonic oscillators lies in the importance of the zero-point energy
(ZPE) issued in absence of photons from the eigenvalue nkλ ¼ 0 of Eq. (29)
corresponding to the vacuum energy:
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X
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The summation of the last expression over all modes and polarisations is
infinite and represents the principal singularity in the QED formalism
[19, 26, 29, 36, 39].

Nevertheless, the zero-point energy is very important because it is considered to
be the basis for the explanation of the vacuum effects such as the spontaneous
emission, the Lamb shift and the Casimir effect. However, as pointed out by many
authors [19, 26, 39, 41], it is important to underline that the explanation of the
spontaneous emission and the Lamb shift in QED is not due to Eq. (33) but precisely
to the commutation properties of the photon creation and annihilation operators, aþkλ
and akλ, respectively. It has to be emphasized that in quantum mechanics theory
Eq. (33), being a constant, commutes with all Hermitian operators corresponding
to physical observables and consequently has absolutely no influence to any
quantum process.

Conversely, the zero-point energy expressed by Eq. (33) is useful for the expla-
nation of the spontaneous emission and the Lamb shift in the classical description of
radiation [2, 39, 47].

Regarding the Casimir effect, it is often commented that caution has to be taken
concerning the interpretation of its physical origin because it has been demon-
strated by different methods [48–50] that it can be easily explained using classical
electrodynamics without invoking at all the zero-point energy.

Hence, in view of the above, the normal ordering Hamiltonian is the one mainly
used in QED, casting aside the vacuum singularity issued from the harmonic oscil-
lator formalism, while the zero-point energy issued from the harmonic oscillator
Hamiltonian is principally useful in the classical formalism for the interpretation of
the vacuum effects [2, 19, 39, 47].

3.2 Electromagnetic field vector potential quantization in QED

We have analysed in Section 3.1 the electromagnetic field energy quantization
according to the harmonic oscillator representation. Now, we will analyse the vector
potential field quantization following the second quantisation process.
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Considering the natural units ℏ ¼ c ¼ 1ð Þ, the radiation vector potential writes
within the frame of the quantum field theory (QFT) [26, 38]:

A
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2πð Þ32k0
X2
λ¼1
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h i

(34)

with
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¼ 2k0 2πð Þ3δλλ0δ3 k
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(35)

where δλλ0 is the Kronecker delta, δ
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is the Dirac delta function, and

α λð Þ kð Þ ¼ 2k0ð Þ1=2 2πð Þ3=2αkλ; α λð Þþ kð Þ ¼ 2k0ð Þ1=2 2πð Þ3=2αþkλ (36)

Using Eq. (36) in Eq. (34), the vector potential becomes:
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with ωk ¼ k
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¼ l2.

For k ¼ l ¼ 0 then k0 ¼ k
!���
��� ¼ ωk and Eq. (37) writes:
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Suppressing the natural units (i.e., introducing c and ℏ) and transforming
the last equation in the SI system, which is generally used in QED, we get
[38, 41, 51].
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ffiffiffiffiffiffiffiffiffiffiffiffi
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λ¼1

ε̂kλ αkλe�ikx þ αþkλ kð Þeikx� �
(39)

On the basis of the density of state theory, the quantization of a field in a cavity
of volume V permits to transform the continuous summation over the modes to a
discrete one [19, 51]:

ð
d3k

2πð Þ3=2
¼

ffiffiffiffi
1
V

r X
k

(40)

The last transformation is only valid for an ensemble of modes k whose
wavelengths λk are much shorter than the characteristic dimensions of the volume V
[19, 29, 39, 41].

Switching now to Heisenberg’s representation:

αkλ tð Þ ¼ αkλe�iωkt ; αþkλ tð Þ ¼ αþkλe
iωkt (41)
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Generalizing the coordinate system, adapting the phase and using Eq. (40),
the vector potential of the electromagnetic field writes in QED [19, 29, 39, 41, 51]:

A
!

r!; t
� �

¼
X
k

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ℏ

2ε0ωkV

s X2
λ¼1

ε̂kλ αkλei k
!� r!�ωkt
� �

þ αþkλe
�i k

!� r!�ωkt
� �� �

(42)

Considering the scalar potential to be constant, the electric field is:

E
!

r!; t
� �

¼ i
X
k

ffiffiffiffiffiffiffiffiffiffiffi
ℏωk

2ε0V

r X2
λ¼1

ε̂kλ αkλei k
!� r!�ωkt
� �

� αþkλe
�i k

!� r!�ωkt
� �� �

(43)

The last expressions represent in a given volume V the quantized vector poten-
tial and the electric field of the electromagnetic radiation composed of a large
number of modes k each with angular frequency ωk and wavelength λk ¼ 2πc=ωk
much smaller than V1/3:

λk ≪V1=3 ∀kð Þ (44)

The amplitudes in Eqs. (42) and (43) have been obtained using the density of
state theory and are valid only on the condition of Eq. (44). Furthermore, the
boundary conditions of the electromagnetic waves considered in cavities and
waveguides impose the wave vectors k of the modes to be higher than a character-
istic cut-off value k>kcut�off λk < λcut�off

� �
depending on the dimensions and the

shape of the volume containing the radiation field [4–7]. Consequently, for a
volume V with finite dimensions, the summation in Eqs. (42) and (43) runs only
over the modes k with wave vectors higher than the minimum cut-off value
kcut�off Vð Þ imposed by the shape and dimensions of V so that we can write more
precisely:

A
!

r!; t
� �

¼
X

k>kcut�off Vð Þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ℏ

2ε0ωkV

s X2
λ¼1

ε̂kλ αkλei k
!� r!�ωkt
� �

þ αþkλe
�i k

!� r!�ωkt
� �� �

(45)

E
!

r!; t
� �

¼ i
X

k>kcut�off Vð Þ

ffiffiffiffiffiffiffiffiffiffiffi
ℏωk

2ε0V

r X2
λ¼1

ε̂kλ αkλei k
!� r!�ωkt
� �

� αþkλe
�i k

!� r!�ωkt
� �� �

(46)

The last equations represent the vector potential and the electric field of a large
number of modes k of the quantized electromagnetic field in a finite volume V
with λk ≪V1=3 ∀kð Þ.

4. Quantized vector potential of a single photon

We have seen in Section 3.1 that according to the energy quantization proce-
dure, a k-mode and λ-polarisation photon is considered to be a point harmonic
oscillator represented by the simplified eigenfunction 1kλj i. On the other hand,
following the field quantization procedure in Section 3.2, it appears clearly that the
established vector potential and electric field expressions in Eqs. (42) and (43),
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under the condition of Eq. (44), concern a large number of modes in a considerably
big volume compared to their wavelengths. Thus, with the aim of obtaining a
clearer picture of the single photon, we will now complement the previous descrip-
tions by enhancing the vector potential amplitude quantization to the photon level.

4.1 Photon vector potential amplitude and quantization volume

As mentioned in Section 2.2, the classical expression of the mean energy density
over a period for a single electromagnetic mode k, represented by Eq. (13), can be
considered equivalent to that for a single photon in the quantum representation,
given by Eq. (14) for N ωkð Þ ¼ 1, on the condition that the volume V is not arbitrary
but corresponds to that defined by the boundary conditions in a cavity for the
considered electromagnetic mode. In fact, the physical properties of a free photon
are independent on any surrounding volume unless the characteristic dimensions of
the last one are of the order of the photon wavelength [52].We recall again that the
experimental evidence has shown [19, 27, 29, 51] that a single photon with angular
frequency ωk and wavelength λk ¼ 2πc=ωk can only be localised within a volume Vk
whose dimensions are roughly the cube of its wavelength:

Vk ∝ λ3k ) Vk ∝ω�3
k (47)

From a theoretical point of view, this is also compatible with the density of state
theory according to which the spatial volume corresponding to a single state of the
quantized field is proportional to ω�3

k [19, 29, 39, 41].
On the other hand, the dimension analysis of the vector potential issued from

the general solution of Maxwell’s equations yields that it is proportional to an
angular frequency [5, 7, 9]:

A
!

r!; t
� �

¼ μ

4π

ð J
!

r! ', t� j r!� r!'j
c

� �

j r! � r! 'j d3r'∞ ∝ ω (48)

where J is the current density (C m�2 s�1) and μ the magnetic permeability.
Indeed, it is well established experimentally that the energy density radiated by

a dipole is proportional to ω4 entailing from Eq. (12) that the vector potential
amplitude is normally proportional to ω [4, 5, 7].

This result is gauge independent since it concerns the natural units of the vector
potential.

According to the previous considerations, for a free single k-mode photon with
λ-polarisation (left or right circular), the vector potential can be written in quantum
and classical formalism:

~αkλ r!; t
� �

¼ α0k ωkð Þ ε̂kλαkλei k
!� r!�ωkt
� �

þ ε̂ ∗
kλα

þ
kλe

�i k
!� r!�ωkt
� �� �

αkλ
! r!; t

� �
¼ α0k ωkð Þ ε̂kλe

i k
!� r!�ωkt
� �

þ ε̂ ∗
kλe

�i k
!� r!�ωkt
� �� � (49)

where, following to the above analysis, the amplitude writes:

α0k ωkð Þ ¼ ξj jωk (50)
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Generalizing the coordinate system, adapting the phase and using Eq. (40),
the vector potential of the electromagnetic field writes in QED [19, 29, 39, 41, 51]:
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The last expressions represent in a given volume V the quantized vector poten-
tial and the electric field of the electromagnetic radiation composed of a large
number of modes k each with angular frequency ωk and wavelength λk ¼ 2πc=ωk
much smaller than V1/3:
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The amplitudes in Eqs. (42) and (43) have been obtained using the density of
state theory and are valid only on the condition of Eq. (44). Furthermore, the
boundary conditions of the electromagnetic waves considered in cavities and
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shape of the volume containing the radiation field [4–7]. Consequently, for a
volume V with finite dimensions, the summation in Eqs. (42) and (43) runs only
over the modes k with wave vectors higher than the minimum cut-off value
kcut�off Vð Þ imposed by the shape and dimensions of V so that we can write more
precisely:
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The last equations represent the vector potential and the electric field of a large
number of modes k of the quantized electromagnetic field in a finite volume V
with λk ≪V1=3 ∀kð Þ.

4. Quantized vector potential of a single photon

We have seen in Section 3.1 that according to the energy quantization proce-
dure, a k-mode and λ-polarisation photon is considered to be a point harmonic
oscillator represented by the simplified eigenfunction 1kλj i. On the other hand,
following the field quantization procedure in Section 3.2, it appears clearly that the
established vector potential and electric field expressions in Eqs. (42) and (43),
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under the condition of Eq. (44), concern a large number of modes in a considerably
big volume compared to their wavelengths. Thus, with the aim of obtaining a
clearer picture of the single photon, we will now complement the previous descrip-
tions by enhancing the vector potential amplitude quantization to the photon level.

4.1 Photon vector potential amplitude and quantization volume

As mentioned in Section 2.2, the classical expression of the mean energy density
over a period for a single electromagnetic mode k, represented by Eq. (13), can be
considered equivalent to that for a single photon in the quantum representation,
given by Eq. (14) for N ωkð Þ ¼ 1, on the condition that the volume V is not arbitrary
but corresponds to that defined by the boundary conditions in a cavity for the
considered electromagnetic mode. In fact, the physical properties of a free photon
are independent on any surrounding volume unless the characteristic dimensions of
the last one are of the order of the photon wavelength [52].We recall again that the
experimental evidence has shown [19, 27, 29, 51] that a single photon with angular
frequency ωk and wavelength λk ¼ 2πc=ωk can only be localised within a volume Vk
whose dimensions are roughly the cube of its wavelength:
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From a theoretical point of view, this is also compatible with the density of state
theory according to which the spatial volume corresponding to a single state of the
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the general solution of Maxwell’s equations yields that it is proportional to an
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where J is the current density (C m�2 s�1) and μ the magnetic permeability.
Indeed, it is well established experimentally that the energy density radiated by

a dipole is proportional to ω4 entailing from Eq. (12) that the vector potential
amplitude is normally proportional to ω [4, 5, 7].

This result is gauge independent since it concerns the natural units of the vector
potential.

According to the previous considerations, for a free single k-mode photon with
λ-polarisation (left or right circular), the vector potential can be written in quantum
and classical formalism:

~αkλ r!; t
� �

¼ α0k ωkð Þ ε̂kλαkλei k
!� r!�ωkt
� �

þ ε̂ ∗
kλα

þ
kλe

�i k
!� r!�ωkt
� �� �

αkλ
! r!; t

� �
¼ α0k ωkð Þ ε̂kλe

i k
!� r!�ωkt
� �

þ ε̂ ∗
kλe

�i k
!� r!�ωkt
� �� � (49)

where, following to the above analysis, the amplitude writes:

α0k ωkð Þ ¼ ξj jωk (50)
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with ξ being a constant [2, 53–55].
We can evaluate ξ [2, 53] by using Eqs. (49) and (50) in Eq. (13) and

normalising the energy to that of a single photon, ℏωk, by integrating over a
wavelength along the propagation direction while taking into
account the experimental results on the lateral expansion of the photon [32–35, 56].
We get:

ξj j ¼ 1

2πð Þ3=2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ℏ
8αε0c3

r�����

����� ¼
ℏ

4π ec

����
���� ¼ 1:747 10�25 Volt m�1s2 (51)

where α ¼ e2=4πε0ℏc≈ 1=137:036 is the fine structure constant and e is the elec-
tron charge. Obviously, when introducing Eq. (50) in Eq. (17) for a single k-mode
photon, an appropriate volume Vk has to be considered for the equation to hold:

Ek ¼ ℏωk ¼ 2ε0Vkξ
2ω4

k (52)

Thus, the characteristic volume of a free single photon writes in agreement with
Eq. (47):

Vk ¼ ℏ

2ε0ξ2

� �
ω�3
k (53)

Replacing ξ expressed by Eq. (51) in Eq. (53), we obtain the photon quantization
volume:

Vk ≈ 4αλ3k (54)

Equations (50) and (53) express the quantized vector potential amplitude and
the spatial extension of a single photon with the constant ξ evaluated to be
ξj j ¼ ℏ=4π ej jc.

4.2 Photon classical-quantum (wave-particle) physical properties

For a free k-mode photon, the volume Vk corresponds to the space in which the
quantized vector potential oscillates at the angular frequency ωk over a period along
the propagation axis generating orthogonal electric and magnetic fields whose
amplitudes are, respectively:

εk
!j ¼ �∂αkλ

! r!; t
� �

=∂tj∝ ξj jω2
k ; βk

!j∝ ffiffiffiffiffiffiffiffiffiffi
ε0μ0

p
ξj jω2

k

���
���

��� (55)

which are independent on any external arbitrary volume parameter and are
directly proportional to the square of the angular frequency [2, 54, 55].

We can now express the quantum properties of the photon, energy, momentum,
and spin by integrating the classical electromagnetic expressions over the volume
Vk and by using the vector potential amplitude obtained in Eq. (50), linking in
this way the classical (wave) to the quantum (particle) representations [2]. The
energy writes:

Ek ¼
ð

Vk

2ε0α20kω
2
kd

3r ¼
ð

Vk

2ε0ξ2ω4
kd

3r ¼ 2ε0ξ2ω4
kVk ¼ ℏωk (56)
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With the same token considering circular polarisation [4, 5, 7, 9] for the ampli-
tudes of the electric and magnetic fields in Eq. (55), the momentum is:

pk
!¼

ð

Vk

ε0 εkλ
! �βkλ

!
d3r ¼ ε0

ffiffiffi
2

p
ωkα0k

� � ffiffiffi
2

p
ωkα0k=c

� �
Vk k

!
= k

!���
��� ¼ ℏ k

!
(57)

According to the classical electromagnetic theory, the spin can be written
through the electric and magnetic field components; hence, using again the circular
polarisation, we get:

S
!���
��� ¼

ð

Vk

ε0 r! � εkλ
! �βkλ

! Þ
� ���d3r ¼ ε0 c=ωkð Þ

ffiffiffi
2

p
ωkα0k

� � ffiffiffi
2

p
ωkα0k=c

� �
Vk ¼ ℏ

��� (58)

where we have taken the mean value < r!
���

���>k ¼ c=ωk obtained for a single

photon state [57].
The fact that the quantum properties, energy, momentum, and spin, of the

photon can be expressed through the classical electromagnetic fields integrated over
the volume Vk signifies that the photon has naturally a spatial extension, and
consequently when employing the term “wave-particle”, one must have in mind
that a single photon is a “three-dimensional particle”.

We can now obtain Heisenberg’s uncertainty relation for position and momen-
tum using Vk. Indeed, replacing V in Eq. (16) by Vk, we get the photon vector
potential amplitude operators:

~α0kλ ¼ ξj jωkαkλ ; ~α ∗
0kλ ¼ ξj jωkα

þ
kλ (59)

The corresponding position ~Qkλ and momentum ~Pkλ Hermitian operators
[19, 29, 51] write:

~Qkλ ¼
ffiffiffiffiffiffiffiffiffiffi
ε0Vk

p
~α0kλ þ ~α ∗

0kλ

� �
; ~Pkλ ¼ �iωk

ffiffiffiffiffiffiffiffiffiffi
ε0Vk

p
~α0kλ � ~α ∗

0kλ

� �
(60)

Thus, introducing Eq. (59) in Eq. (60) and using Eq. (20) with Eq. (53),
Heisenberg’s commutation relation, a fundamental concept in quantum theory,
results directly [2]:

~Qkλ;
~Pk0λ0

� � ¼ �iε0ω2
k0ωk

ffiffiffiffiffiffiffiffiffiffiffiffiffi
VkVk0

p
ξakλ þ ξaþkλ
� �

; ξak0λ0 � ξaþk0λ0
� �h i

¼ iℏδkk0δλλ0 (61)

The fundamental properties of the photon, energy Ek, momentum pk
!

, and wave

vector k
!
, are complemented by the vector potential amplitude α0k expressing its

electromagnetic nature:

Ek=ℏ ¼ pk
!jc=ℏ ¼ k

!���
���c ¼ α0k= ξj j ¼ ωk

��� (62)

Considering Heisenberg’s energy-time uncertainty principle:

δEk δ t≥ℏ (63)

we directly deduce from Eq. (62) the vector potential-time uncertainty:

δα0kδ t≥ ξj j (64)
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with ξ being a constant [2, 53–55].
We can evaluate ξ [2, 53] by using Eqs. (49) and (50) in Eq. (13) and

normalising the energy to that of a single photon, ℏωk, by integrating over a
wavelength along the propagation direction while taking into
account the experimental results on the lateral expansion of the photon [32–35, 56].
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photon, an appropriate volume Vk has to be considered for the equation to hold:
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Replacing ξ expressed by Eq. (51) in Eq. (53), we obtain the photon quantization
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4.2 Photon classical-quantum (wave-particle) physical properties

For a free k-mode photon, the volume Vk corresponds to the space in which the
quantized vector potential oscillates at the angular frequency ωk over a period along
the propagation axis generating orthogonal electric and magnetic fields whose
amplitudes are, respectively:
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which are independent on any external arbitrary volume parameter and are
directly proportional to the square of the angular frequency [2, 54, 55].

We can now express the quantum properties of the photon, energy, momentum,
and spin by integrating the classical electromagnetic expressions over the volume
Vk and by using the vector potential amplitude obtained in Eq. (50), linking in
this way the classical (wave) to the quantum (particle) representations [2]. The
energy writes:

Ek ¼
ð
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2ε0α20kω
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3r ¼
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With the same token considering circular polarisation [4, 5, 7, 9] for the ampli-
tudes of the electric and magnetic fields in Eq. (55), the momentum is:
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According to the classical electromagnetic theory, the spin can be written
through the electric and magnetic field components; hence, using again the circular
polarisation, we get:
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!���
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Vk

ε0 r! � εkλ
! �βkλ

! Þ
� ���d3r ¼ ε0 c=ωkð Þ

ffiffiffi
2

p
ωkα0k

� � ffiffiffi
2

p
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� �
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��� (58)

where we have taken the mean value < r!
���

���>k ¼ c=ωk obtained for a single

photon state [57].
The fact that the quantum properties, energy, momentum, and spin, of the

photon can be expressed through the classical electromagnetic fields integrated over
the volume Vk signifies that the photon has naturally a spatial extension, and
consequently when employing the term “wave-particle”, one must have in mind
that a single photon is a “three-dimensional particle”.

We can now obtain Heisenberg’s uncertainty relation for position and momen-
tum using Vk. Indeed, replacing V in Eq. (16) by Vk, we get the photon vector
potential amplitude operators:

~α0kλ ¼ ξj jωkαkλ ; ~α ∗
0kλ ¼ ξj jωkα

þ
kλ (59)

The corresponding position ~Qkλ and momentum ~Pkλ Hermitian operators
[19, 29, 51] write:

~Qkλ ¼
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ε0Vk

p
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� �
; ~Pkλ ¼ �iωk

ffiffiffiffiffiffiffiffiffiffi
ε0Vk

p
~α0kλ � ~α ∗

0kλ

� �
(60)

Thus, introducing Eq. (59) in Eq. (60) and using Eq. (20) with Eq. (53),
Heisenberg’s commutation relation, a fundamental concept in quantum theory,
results directly [2]:
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~Pk0λ0
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k0ωk
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VkVk0

p
ξakλ þ ξaþkλ
� �

; ξak0λ0 � ξaþk0λ0
� �h i

¼ iℏδkk0δλλ0 (61)

The fundamental properties of the photon, energy Ek, momentum pk
!

, and wave

vector k
!
, are complemented by the vector potential amplitude α0k expressing its

electromagnetic nature:

Ek=ℏ ¼ pk
!jc=ℏ ¼ k

!���
���c ¼ α0k= ξj j ¼ ωk

��� (62)

Considering Heisenberg’s energy-time uncertainty principle:

δEk δ t≥ℏ (63)

we directly deduce from Eq. (62) the vector potential-time uncertainty:

δα0kδ t≥ ξj j (64)
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The energy and vector potential uncertainties with respect to time are intrinsic
physical properties of the wave-particle nature of the photon.

4.3 Photon wave-particle equation and wave function

Obviously, the photon vector potential function αkλ
! r!; t

� �
expressed in Eq. (49)

satisfies the wave propagation equation in vacuum issued fromMaxwell’s equations:

∇
!2αkλ

! r!; t
� �

� 1
c2

∂
2

∂t2
αkλ
! r!; t

� �
¼ 0 (65)

as well as the vector potential energy (wave-particle) equation for the
photon [2, 54]:

i
ξ

ℏ

� �
∂

∂t
αkλ
! r!; t

� �
¼ ~α0k

~H

� �
αkλ
! r!; t

� �
(66)

where the vector potential operator ~α0k ¼ �iξc ∇
!
and the relativistic

Hamiltonian for a massless particle ~H ¼ �iℏ c ∇
!
have the eigenvalues ξωk and ℏωk,

respectively [2, 53].
It is worth remarking the symmetry between the pairs Ek;ℏf g and α0k; ξf g for a

single photon characterising, respectively, the particle (energy) and electromag-
netic wave (vector potential) natures, having in mind that the energy corresponds
to the integration of the single-mode electromagnetic field energy density over the
volume Vk.

Now, when considering the propagation of a k-mode photon with wavelength
λk, the difficulties for defining a position operator are widely commented in the
literature [27, 29, 30, 39–41, 56]. At the same time, the efforts for defining a wave
function for the photon based on the electric and magnetic fields were rather
fruitless [58–62]. It has been emphasized several times [19, 26, 27, 30, 56] that a
photon cannot be localised along the propagation axis in a length shorter than the
wavelength λk and within a volume smaller than roughly λ3k.

In fact, from a theoretical point of view, for a photon propagating in the z
direction, Heisenberg’s uncertainty for the position z and momentum
Pz ¼ ℏkz ¼ h=λk writes:

δz δPz ≥ h ! δz δ 1=λkð Þ≥ 1 (67)

Notice that the momentum uncertainty along the propagation axis is expressed
through the uncertainty over the inverse of the wavelength.

Considering now the vector potential function with the quantized amplitude
α0k ¼ ξj jωk as a real wave function for the photon, then when a k-mode photon is
emitted at a coordinate ze at an instant te and propagates in vacuum along the z axis,
the probability Πk zð Þ to be localised at time t and at the coordinate z = ze + c (t-te)
corresponds to the square of the modulus of the vector potential and is consequently
proportional to the square of the angular frequency [54, 55]:

Πk zð Þ∝ αkλ
! z; tð Þj2 ¼ ξ2ω2

k ∝ λ�2
k

��� (68)
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Obviously, the shorter the wavelength of the photon, the higher the
localization probability in agreement with Heisenberg’s uncertainty and the
experimental evidence.

4.4 Electromagnetic field ground state, photons, and electrons-positrons

The photon vector potential is composed of a fundamental function Ξkλ times
the angular frequency ωk and writes in the classical (wave) and quantum (particle)
formalisms:

αkλ
!¼ ξj jωk ε̂kλe

i k
!� r!�ωktþϕ
� �

þ ε̂ ∗
kλe

�i k
!� r!�ωktþϕ
� �� �

¼ ωkΞ
!
kλ ωk; r

!
; t

� �
(69)

~αkλ ¼ ξj jωk akλε̂kλe
i k

!� r!�ωktþϕ
� �

þ aþkλε̂
∗
kλe

�i k
!� r!�ωktþϕ
� �� �

¼ ωk~Ξkλ akλ; aþkλ
� �

(70)

In this way, the general equation for the vector potential of the electromagnetic
wave considered as a superposition of plane wave modes writes:

A
!

r!; t
� �

¼
X
k, λ

ξj jωk ε̂kλe
i k

!� r!�ωktþϕ
� �

þ ε̂ ∗
kλe

�i k
!� r!�ωktþϕ
� �� �

¼
X
k, λ

ωkΞ
!
kλ ωk; r

!
; t

� �

(71)

and that of a large number of cavity-free photons in quantum electrodynamics is:

~A ¼
X
k, λ

ξj jωk akλε̂kλe
i k

!� r!�ωktþϕ
� �

þ aþkλε̂
∗
kλe

�i k
!� r!�ωktþϕ
� �� �

¼
X
k, λ

ωk~Ξkλ akλ; aþkλ
� �

(72)

According to Eqs. (55) and (62), for ωk ! 0 all the physical properties of the
photon vanish entailing that the photon exists only for a non-zero frequency of
the vector potential oscillation. However, the zero-frequency level does not
correspond to perfect inexistence because the fundamental field Ξkλ does not vanish
for ωk ¼ 0 but reduces to Ξ0

kλ involving the amplitude ξ and the general expression
of the polarisation vectors ε̂kλ [63, 64] and writes in the classical and quantum
representations:

Ξ
!0

kλ ¼ ξj j ε̂kλeiϕ þ ε̂ ∗
kλe

�iϕ� �
; ~Ξ0

kλ ¼ ξj j akλε̂kλeiϕ þ aþkλε̂
∗
kλe

�iϕ� �
(73)

The field Ξ0
kλ is the electromagnetic field ground state (EFGS) permeating all the

space (λk ! ∞) and having zero energy and zero vector potential as well as zero
electric and magnetic fields. This physical state lies beyond the Bohm-Aharonov
situation in which the energy and the electric and magnetic fields are zero but a
vector potential is present in space [43]. Thus, in complete absence of energy and
vector potential, the field Ξ0

kλ can be assimilated to a quantum vacuum component
constituting the main “skeleton” of any photon which now clearly appears to be a
vacuum oscillation [2, 63, 64].
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The energy and vector potential uncertainties with respect to time are intrinsic
physical properties of the wave-particle nature of the photon.

4.3 Photon wave-particle equation and wave function

Obviously, the photon vector potential function αkλ
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single photon characterising, respectively, the particle (energy) and electromag-
netic wave (vector potential) natures, having in mind that the energy corresponds
to the integration of the single-mode electromagnetic field energy density over the
volume Vk.

Now, when considering the propagation of a k-mode photon with wavelength
λk, the difficulties for defining a position operator are widely commented in the
literature [27, 29, 30, 39–41, 56]. At the same time, the efforts for defining a wave
function for the photon based on the electric and magnetic fields were rather
fruitless [58–62]. It has been emphasized several times [19, 26, 27, 30, 56] that a
photon cannot be localised along the propagation axis in a length shorter than the
wavelength λk and within a volume smaller than roughly λ3k.

In fact, from a theoretical point of view, for a photon propagating in the z
direction, Heisenberg’s uncertainty for the position z and momentum
Pz ¼ ℏkz ¼ h=λk writes:

δz δPz ≥ h ! δz δ 1=λkð Þ≥ 1 (67)

Notice that the momentum uncertainty along the propagation axis is expressed
through the uncertainty over the inverse of the wavelength.

Considering now the vector potential function with the quantized amplitude
α0k ¼ ξj jωk as a real wave function for the photon, then when a k-mode photon is
emitted at a coordinate ze at an instant te and propagates in vacuum along the z axis,
the probability Πk zð Þ to be localised at time t and at the coordinate z = ze + c (t-te)
corresponds to the square of the modulus of the vector potential and is consequently
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Obviously, the shorter the wavelength of the photon, the higher the
localization probability in agreement with Heisenberg’s uncertainty and the
experimental evidence.

4.4 Electromagnetic field ground state, photons, and electrons-positrons

The photon vector potential is composed of a fundamental function Ξkλ times
the angular frequency ωk and writes in the classical (wave) and quantum (particle)
formalisms:
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In this way, the general equation for the vector potential of the electromagnetic
wave considered as a superposition of plane wave modes writes:
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and that of a large number of cavity-free photons in quantum electrodynamics is:
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According to Eqs. (55) and (62), for ωk ! 0 all the physical properties of the
photon vanish entailing that the photon exists only for a non-zero frequency of
the vector potential oscillation. However, the zero-frequency level does not
correspond to perfect inexistence because the fundamental field Ξkλ does not vanish
for ωk ¼ 0 but reduces to Ξ0

kλ involving the amplitude ξ and the general expression
of the polarisation vectors ε̂kλ [63, 64] and writes in the classical and quantum
representations:
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The field Ξ0
kλ is the electromagnetic field ground state (EFGS) permeating all the

space (λk ! ∞) and having zero energy and zero vector potential as well as zero
electric and magnetic fields. This physical state lies beyond the Bohm-Aharonov
situation in which the energy and the electric and magnetic fields are zero but a
vector potential is present in space [43]. Thus, in complete absence of energy and
vector potential, the field Ξ0

kλ can be assimilated to a quantum vacuum component
constituting the main “skeleton” of any photon which now clearly appears to be a
vacuum oscillation [2, 63, 64].
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Combination of the expression ξj j ¼ ℏ=4π ej jc to the fine structure constant
definition α ¼ e2=4πε0ℏc permits to draw directly the electron-positron elementary
charge e ¼ �1:602 10�19C, a fundamental physical constant, which now is
expressed exactly through the EFGS amplitude ξ [64, 65]:

e ¼ � 4πð Þ2α ξj j
μ0

(74)

Using again Eq. (51) and recalling that the electron mass may be written as
me ¼ eℏ=2μB, where μB is the Bohr magneton, we deduce that the electron mass is
also expressed as a function of the EFGS amplitude ξ [64]:

me ¼ 2πc e2
ξj j
μB

(75)

entailing that the mass derives also from the EFGS and is proportional to the
charge square.

Equations (50), (74), and (75) show the strong physical relationship between
photons and electrons-positrons which are all related directly to the EFGS through
the amplitude ξ. Obviously, photons and electrons-positrons, also probably leptons-
antileptons, are issued from the same quantum vacuum field. This may be at the
origin of the physical mechanism governing the photon generation during the
electron-positron (and probably lepton-antilepton) annihilation and that of the
electron-positron (lepton-antilepton) pair creation during the annihilation of high-
energy gamma photons in the vicinity of very heavy nucleus.

5. Conclusion

In this chapter we have presented recent theoretical developments complementing
the standard formalism with the purpose of describing a single photon state in con-
formity with the experiments. We resume below the principal features.

The quantization of the vector potential amplitude α0k, a real physical entity, for
a single free of cavity k-mode photon with angular frequency ωk is expressed by
α0k ¼ ξj jωk, where ξj j ¼ ℏ=4π ej jc, and leads to the establishment of a vector potential
- energy (electromagnetic wave-particle) formalism (Eq. (66)) expressing the
simultaneous wave-particle nature of the photon. A single photon state is a local
indivisible entity of the electromagnetic field extending over a wavelength λk and
consisting of the quantized vector potential oscillating at the angular frequency ωk,
with circular polarisation, giving birth to orthogonally oscillating electric and mag-
netic fields whose amplitudes are proportional to the square of the angular fre-
quency ξj jω2

k (Eq. (55)). Its lateral expansion, confirmed experimentally, yields a
minimum photon volume Vk which is proportional to λ3k. The quantum properties of
the photon, energy, momentum, and spin are obtained directly from the classical
electromagnetic expressions integrated over the volume Vk (Eqs. (56)–(58)). It is
also shown (Eq. (61)) that the Heisenberg uncertainty can be readily obtained
through the use of the volume Vk.

A single photon, as a local three-dimensional entity of the electromagnetic field,
is absorbed and emitted as a whole and propagates guided by the non-local
vector potential function (Eq. (49)), which appears to be a natural wave function
for the photon satisfying both the propagation equation (Eq. (65)) and the vector
potential - energy equation (Eq. (66)). The probability for detecting a photon around
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a given point on the propagation axis is obtained by the square modulus of the
vector potential and is proportional to the square of the angular frequency ξ2ω2

k
(Eq. (68)) which signifies that the higher the frequency, the better the localization,
in agreement with the experiments.

Finally, the electromagnetic field ground state (EFGS) at zero frequency, a real
quantum vacuum component, issues naturally from the vector potential wave
function putting in evidence that photons are oscillations of the vacuum field.
Furthermore, the electron-positron charge and mass are directly proportional to the
vector potential amplitude quantization constant showing the strong physical rela-
tionship with the photons. Obviously, the origin of the mechanisms governing the
transformations of photons to electrons-positrons and inversely lies in the nature of
the electromagnetic field ground state.
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Chapter 3

Generation and Manipulation of 
Nonclassical Photon Sources in 
Nonlinear Processes
Zhi-Yuan Zhou and Bao-Sen Shi

Abstract

Nonclassical photon sources are key components in quantum information 
science and technology. Here, the basic principles and progresses for single photon 
generation and their further manipulation based on second- or third-order non-
linear processes in various degrees of freedom are briefly reviewed and discussed. 
Based on spontaneous parametric down-conversion and spontaneous four-wave 
mixing, various nonlinear materials such as quasi-phase-matching crystals, disper-
sion-shifted fibers, and silicon-on-insulator waveguides are used for single photon 
generation. The kinds of entanglement generated include polarization, time-energy, 
time-bin, and orbital angular momentum. The key ingredient for photon pair gen-
eration in nonlinear processes is described and discussed. Besides, we also introduce 
quantum frequency conversion for converting a single photon from one wavelength 
to another wavelength, while keeping its quantum properties unchanged. Finally, 
we give a comprehensive conclusion and discussion about future perspectives for 
single photon generation and manipulation in nonlinear processes. This chapter will 
provide an overview about the status, current challenge, and future perspectives 
about single photon generation and processing in nonlinear processes.

Keywords: photon pair, spontaneous parametric down-conversion, spontaneous 
four-wave mixing, polarization, time-bin, time-energy, orbital angular momentum, 
quantum entanglement, quantum frequency conversion, quasi-phase-matching, 
dispersion-shifted fiber, silicon-on-insulator waveguide

1. Introduction

Nonclassical photon sources are fundamental resources for researches in 
quantum information science and technology (QIST), which are widely used for 
applications like quantum communications, computations, sensing, and studying 
fundamental physics of quantum mechanics [1–3]. Therefore the ability to generate 
and manipulate single photon determines how far we can go in QIST. Generally, 
there are two distinct methods for generating single photons: one is based on exci-
tation-reemission of photon in a semiconductor quantum dot [4], a single defect in 
NV center [5], or a single atom [6]; another convenient method is based on sponta-
neous emission based on a second- [7] or a third-order nonlinear process [8]. In this 
chapter, we will focus on single photon generation by using nonlinear processes. 
Usually, there are two nonlinear processes for generating nonclassical photon pairs: 
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(1) spontaneous parametric down-conversion (SPDC), which is a second-order 
nonlinear process; (2) spontaneous four-wave mixing (SFWM), which is a third-
order nonlinear process. In both SPDC and SFWM, energy, linear momentum, and 
angular momentum conservations should be fulfilled. Due to these conservation 
laws and the technology of quantum interference used, two photons in each pair 
generated in SPDC and SFWM can be correlated in various degrees of freedoms, 
for example, polarization, energy-time, orbital angular momentum, position-linear 
momentum, angular momentum, and photon number and path [1]; we can utilize 
these freedoms in a specific application scenario in QIST.

In the subsequent section, we will first introduce the basic principle of SPDC and 
SFWM for generating photon pairs and then the various materials used for SPDC 
and SFWM. In the key part of this chapter, we will review the developments of 
various entangled photon pair sources and methods for charactering these sources. 
After that we will introduce a nonlinear method for transducing the wavelength of 
the photon from one to another while keeping its quantum properties unchanged, 
which is suitable for building up a quantum interface to connect different quantum 
systems. Finally, we will give a brief summary in which some future perspectives for 
nonclassical photon pair generation and potential applications are discussed.

2. Photon pair generation using SPDC or SFWM

SPDC is realized in a second-order nonlinear process (see Figure 1 left image), in 
which a pump photon at higher frequency (ωp) is split into two daughter photons at 
lower frequencies with certain probability in a nonlinear crystal; these two daughter 
photons are usually called signal (ωs) and idler (ωi) photons. The conservation laws 
of energy, linear momentum, and angular momentum require that the frequency, 
linear momentum (k), and angular momentum (l) of the pump, signal, and idler 
photon fulfill the following conditions: ωp = ωs + ωi; kp = ks + ki; lp = ls + li. These 
conservation laws are responsible for the generation of various entangled sources.

In correspondence to SPDC, SFWM is a third-order nonlinear process; a big 
difference is that there are two pump beams in SFWM (see Figure 1 right image), in 
comparison to SPDC in which only one pump beam is used. The conservation laws 
in SFWM require that the corresponding parameters of the pump, signal, and idler 
photons have the following relationships: ωp1 + ωp2 = ωs + ωi; kp1 + kp2 = ks + ki; lp1 
+ lp2 = ls + li.

For quantum optical description of SPDC and SFWM, the Hamiltonian of the 
two processes can be expressed as [9]:

   H ^     =   ℏξ (  a ^    s  †    a ^    i  †  + H . C.)    (1)

where ξ depends on the pump intensity, the nonlinear coefficient of the crystal, 
crystal length, and focusing parameters. Therefore the photon states generated in 
SPDC and SFWM can be expressed in Fock state basis as [9]:

   |Φ〉    =   Exp [−   i H ^  t _ ℏ  ]  |0, 0〉    =    |0, 0〉  + κ |1, 1〉  +  κ   2  / 2 |2, 2〉  + …   (2)

It can be seen from Eq. (2) that we obtain a vacuum state with a high probability 
if the pump is weak. The second term is the photon pair state we need, and the other 
terms are multiphoton states which should be avoided. It is clear from Eq. (2) that 
the pump beam should be at a moderate intensity level in order to eliminate the 
effects of higher photon number states. The photon pair generated in SPDC and 
SFWM is of probability and is undetermined, which is a disadvantage for photon 
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sources generated from nonlinear processes. For this reason, one needs to choose 
a proper pump intensity level in order to balance between different experimental 
parameters.

All materials have third-order nonlinearity, but only those materials that are 
central asymmetric have second-order nonlinearity. The commonly used materials 
for SPDC can be divided into two kinds according to different phase matching: one 
is birefringent angle phase-matching materials, such as LBO, BBO, KTP, and LN 
[10]; another is quasi-phase-matching (QPM) crystals such as PPKTP and PPLN 
[11]. QPM crystals have the advantages of high generation rate and narrow band-
width, which are frequently used in photon pair generation in modern quantum 
optics experiments [12–19]. For SFWM, the commonly used materials are hot or 
cold atomic ensembles [20–24] and guided-wave materials such as dispersion-
shifted fibers (DSF) [25–29], photonic crystal fibers (PCF), [30–32], and silicon-
on-insulator (SOI) waveguide [33–41]. To look for new kinds of nonlinear materials 
for generating high-quality photon sources is still a very hot topic in QIST.

3. Various kinds of photon sources generated in SPDC and SFWM

Because of the conservation of energy, linear momentum, and angular momen-
tum in SPDC and SFWM, various kinds of nonclassical sources can be generated; 
in this section we will review the recent development and key points in generating 
various kinds of nonclassical photon sources.

3.1 Polarization-entangled photon source

A polarization-entangled photon source (PEPS) is one of the most important 
entangled photon sources that have been studied for decades of years. In the litera-
tures, people generate PEPS using different materials with different experimental 
configurations [12–19, 42, 43]. For SPDC, in the early times, PEPSs are created 
using birefringence phase-matching (BPM) crystals, for example, a type-II phase-
matched BBO crystal is used to create a PEPS in the first practical and effective 
experiment, in which orthogonal polarized photons are emitted at the intersection 
cones [42]. Later on, a beam-like design is used for high-brightness photon pair 
generation, which is widely used in multiphoton quantum experiments [44]. The 
significant progress in nonlinear crystal fabrication makes a QPM crystal a better 
choice for researchers in many nonlinear optics applications [11]. The most impor-
tant merit of using QPM crystals in generation photon pairs is its high spectral 
brightness in contrast to BPM crystals, due to its large effective nonlinear coeffi-
cient and long allowable interaction length.

Recently, to generate PEPS by placing a QPM crystal inside a Sagnac interfer-
ometer configuration has been demonstrated to be superior to other configurations 
(see Figure 2). The basic idea for a Sagnac loop-based PEPS is as the following: a 
pump beam is split into two beams by a double polarized beam splitter (DPBS) and 

Figure 1. 
A simple diagram for SPDC and SFWM. The conservation of energy, linear momentum, and angular 
momentum holds in both nonlinear processes.
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sources generated from nonlinear processes. For this reason, one needs to choose 
a proper pump intensity level in order to balance between different experimental 
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All materials have third-order nonlinearity, but only those materials that are 
central asymmetric have second-order nonlinearity. The commonly used materials 
for SPDC can be divided into two kinds according to different phase matching: one 
is birefringent angle phase-matching materials, such as LBO, BBO, KTP, and LN 
[10]; another is quasi-phase-matching (QPM) crystals such as PPKTP and PPLN 
[11]. QPM crystals have the advantages of high generation rate and narrow band-
width, which are frequently used in photon pair generation in modern quantum 
optics experiments [12–19]. For SFWM, the commonly used materials are hot or 
cold atomic ensembles [20–24] and guided-wave materials such as dispersion-
shifted fibers (DSF) [25–29], photonic crystal fibers (PCF), [30–32], and silicon-
on-insulator (SOI) waveguide [33–41]. To look for new kinds of nonlinear materials 
for generating high-quality photon sources is still a very hot topic in QIST.

3. Various kinds of photon sources generated in SPDC and SFWM

Because of the conservation of energy, linear momentum, and angular momen-
tum in SPDC and SFWM, various kinds of nonclassical sources can be generated; 
in this section we will review the recent development and key points in generating 
various kinds of nonclassical photon sources.

3.1 Polarization-entangled photon source

A polarization-entangled photon source (PEPS) is one of the most important 
entangled photon sources that have been studied for decades of years. In the litera-
tures, people generate PEPS using different materials with different experimental 
configurations [12–19, 42, 43]. For SPDC, in the early times, PEPSs are created 
using birefringence phase-matching (BPM) crystals, for example, a type-II phase-
matched BBO crystal is used to create a PEPS in the first practical and effective 
experiment, in which orthogonal polarized photons are emitted at the intersection 
cones [42]. Later on, a beam-like design is used for high-brightness photon pair 
generation, which is widely used in multiphoton quantum experiments [44]. The 
significant progress in nonlinear crystal fabrication makes a QPM crystal a better 
choice for researchers in many nonlinear optics applications [11]. The most impor-
tant merit of using QPM crystals in generation photon pairs is its high spectral 
brightness in contrast to BPM crystals, due to its large effective nonlinear coeffi-
cient and long allowable interaction length.

Recently, to generate PEPS by placing a QPM crystal inside a Sagnac interfer-
ometer configuration has been demonstrated to be superior to other configurations 
(see Figure 2). The basic idea for a Sagnac loop-based PEPS is as the following: a 
pump beam is split into two beams by a double polarized beam splitter (DPBS) and 

Figure 1. 
A simple diagram for SPDC and SFWM. The conservation of energy, linear momentum, and angular 
momentum holds in both nonlinear processes.
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counter-propagates in the Sagnac loop; each beam generates a pair of photon with 
orthogonal polarization, in one circulation direction; the photon pair is rotated by 
a double half wave plate; then two pairs of photons are recombined in the DPBS; 
and a PEPS with a form of   |Φ〉    =   1 /  √ 

_
 2   ( |HV〉  +  e   i𝜃𝜃  |VH〉 )   is generated; the relative phase θ can 

be tuned by a pair of wave plates placed in the input port of the Sagnac loop. The 
merits to use the Sagnac interferometer configuration are its compactness, high 
stability, and high brightness. The original idea of Sagnac loop-based PEPS is from 
[43] where a BPM crystal is used, and then this idea is generalized to a QPM crystal 
by Kim in 2006 [45] for a CW pumped photon source. After that, a pulsed PEPS at 
780 nm based on this configuration was developed by Kuzucu and Wong in 2008 
[46]. In the early experiments, the wavelengths of the photons generated are in 
visible range; therefore these photons are not suitable for long-distance quantum 
communications in fiber. Only recently, telecom band PEPS is developed [13, 16]. 
A pulsed PEPS at 1584 nm based on a type-II PPKTP was demonstrated by Jin et al. 
in 2014 [16], and Li et al. reported a tunable CW PEPS in 2015 [13]. Now, PEPS 
based on QPM crystals in a Sagnac configuration has become a basic tool for many 
experiments [47–49].

In SFWM, PEPS is generated using an atomic ensemble with different configu-
rations. The PEPS generated with the atomic ensemble has narrow bandwidth; the 
wavelength is fixed to specific atomic transition lines [50, 51]. Many works report 
PEPS generation based on guided-wave materials such as DSF [8, 25, 27, 28], PCF 
[30], and SOI waveguide [37, 52], the advantages of using guided-wave materials 
are free of free-space coupling, low loss, low cost, and easy to integrate. The guided-
wave platform is very promising in large-scale applications which require hundreds 
of optical components. It is also convenient for building up a compact, versatile 
photonic source platform for various kinds of applications in QIST.

3.2 Time-energy and time-bin-entangled photon source

Because of conservation of energy in nonlinear processes, the two photons in 
each pair generated are correlated in frequency and are also generated simultane-
ously. Although the uncertainty in time and frequency domain for individual 

Figure 2. 
The experimental setup for a typical polarization-entangled source based on Sagnac interferometer (figure 
cited from [13]).
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particle should meet the requirement of uncertainty principle, the sum of the 
frequency of signal and idler multiplies the difference between arrive times of the 
two photon should have a very small value, and violates an inequality for two pho-
tons existed classical correlations [53]. A two-photon Franson-type interference is 
used to characterize the correlations between the two photons; the phases between 
the two unbalanced Michelson interferometers (UMI) are correlated [54, 55]. To 
generate a time-energy entangled photon pair, a laser with long coherent time is 
needed (see Figure 3(a)); the time difference between two paths in UMI should 
be much larger than the coherence time of the single photon but much shorter 
than the coherent time of the pump laser [53]. A similar kind of entangled photon 
source is a time-bin entangled photon source [56], in which a pulse pump is split 
into two pulses in an UMI, and then these two pulses have a certain probability to 
generate a pair of photon separately; the photon pairs generated by these two pulses 
are indistinguishable after passing through two UMIs (the time difference of the 
UMI in measurement part is the same as the UMI in pump part, see Figure 3(b)). 
The quantum states for a time-energy or a time-bin entangled photon source can be 
expressed as   |Φ〉    =   1 /  √ 

_
 2   ( |SS〉  +  e   i𝜃𝜃  |LL〉 )  , where S and L represent the short and long arm of 

the UMIs, respectively. A time-bin entangled photon pair is robust for long-distance 
transmission, which is widely used in demonstrating various quantum communica-
tion protocols [57]. A time-energy entangled photon source has been realized in 
various material systems such as atomic vapor [21], nonlinear crystals [56, 57], 
and guided-wave platform [26, 28, 34, 35, 39–41]. The differences between various 
materials are the photon emission bandwidth and spectral ranges. Furthermore, 
researchers have realized three photon genuine time-energy entangled photon 
sources, and their nonclassical correlations are verified [58].

3.3 Orbital angular momentum entangled photon source

Another important degree of freedom of photon is orbital angular momentum 
(OAM), which has been widely investigated since 1992 [59]. OAM has unbounded 
dimensions, which is very promising for high-capacity communication task in 
both classical and quantum optical communications [60–62]. OAM entangled 
photon pairs can be generated in SPDC and SFWM based on crystals [48, 63–69] 
and atomic vapors [70, 71]. The quantum state for an OAM entangled photon pair 
generated directly by pumping a nonlinear crystal (Figure 4, left image) can be 

Figure 3. 
Simplified diagrams for (a) time-energy; (b) time-bin entangled photon generation. A narrow bandwidth 
CW laser is used for generating of time-energy entangled photon pair, while a pulse laser is used for generating 
time-bin entangled photon pair.
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are free of free-space coupling, low loss, low cost, and easy to integrate. The guided-
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tons existed classical correlations [53]. A two-photon Franson-type interference is 
used to characterize the correlations between the two photons; the phases between 
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into two pulses in an UMI, and then these two pulses have a certain probability to 
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are indistinguishable after passing through two UMIs (the time difference of the 
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and guided-wave platform [26, 28, 34, 35, 39–41]. The differences between various 
materials are the photon emission bandwidth and spectral ranges. Furthermore, 
researchers have realized three photon genuine time-energy entangled photon 
sources, and their nonclassical correlations are verified [58].

3.3 Orbital angular momentum entangled photon source

Another important degree of freedom of photon is orbital angular momentum 
(OAM), which has been widely investigated since 1992 [59]. OAM has unbounded 
dimensions, which is very promising for high-capacity communication task in 
both classical and quantum optical communications [60–62]. OAM entangled 
photon pairs can be generated in SPDC and SFWM based on crystals [48, 63–69] 
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expressed as   |Φ〉    =    ∑ 
l

      C  l   |l, − l〉  , where Cl is the weight for different OAM modes. One can 
investigate OAM entanglement in a two-dimensional (2D) subspace [48, 63, 67–70] 
or in high-dimensional (HD) space [65, 66, 71]. The properties and the methods 
of characterizing a 2D entangled source in different degrees of freedom are simi-
lar and can be converted from one kind to another [48, 68] (please see Figure 4 
(right images)). The post-selected OAM entangled states in a 2D subspace can be 
expressed as   |Φ〉    =   1 /  √ 

_
 2   ( |l, − l〉  +  |− l, l〉 )  . While for a HD entangled source, the properties 

and the methods of characterization are rather different. [65] reported on the real-
ization of a 11D entangled source, demonstrating the violation of the Bell inequal-
ity. Zeilinger’s group has demonstrated a 100*100 HD entanglement by measuring 
the entanglement witness of the generated state [66]. For a 2D OAM entangled 
photon source, Zeilinger’s group converted a polarized entangled photon source 
into an OAM entangled source with OAM momenta of 300 h in 2D subspace via a 
spatial light modulator [48]. Later on, a higher OAM momentum of about 10,000 h 
for a 2D OAM entangled source is realized by using a vortex reflection mirror [68]. 
A HD OAM entangled photon source is preferred for studying the basic principle of 
quantum mechanics and for HD quantum communication applications.

4.  Methods for characterizing the properties of a nonclassical  
photon source

Nonclassical photon sources can be characterized from different aspects. For 
characterizing the properties of a heralded single photon, the heralded efficiency 
[72], the coincidence to accidental coincidence ratio (CAR) [73], and the single 
photon Glauber function [74, 75] are important parameters. The heralded efficiency 
is the probability of detecting the second photon when the first photon is detected. 
It is a measurement of the photon collection efficiency, filter and transmission 
losses, and the single photon detector efficiency. The heralded efficiency is the 
ratio of the coincidence count to the single count rate of the first detected photon. 
CAR is a measurement of the signal to background noise ratio for a two-photon 
experiment; high CAR can ensure the quantum nature existed between the two 
photons. CAR depends on pump power and detector performance. Usually, CAR 
will increase when the pump power is increased in the low pump power regime. 
After reaching the maximum value, CAR will decrease with the increase of the 
pump power [76]. The single photon Glauber function can be measured as shown 
in [74]. The measured photon is firstly split by a beam splitter, and then by measur-
ing the three party coincidence, single count and two-photon coincidence, we can 

Figure 4. 
Generate HD OAM entangled state directly from SPDC (left image); 2D OAM entangled state generation by 
converting a polarized entangled state into 2D subspace of OAM entangled state (right image, cited from [48]).
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calculate the single photon g(2) function (see Figure 5). A near zero g(2)(0) indicates 
the high quality of single photon nature. For a pulse pumped photon source, the 
single photon purity is also an important parameter [17, 77]. The purity of photon 
is a measurement of spectral correlations between two photons; the purity is 
determined by the Schmitt number in the Schmitt decomposition. The unity single 
photon purity indicates that the two-photon spectral can be factorized into product 
of two separate functions of the signal and idler photons. The high single photon 
purity is very important for realizing high visibility HOM interference between two 
independent single photon sources, which is the key technique for realizing high 
photon number entangled states.

There are various available and faithful methods to characterize the quality of 
entanglement of an entangled two-photon source, including two-photon interfer-
ence fringes [65, 78], Bell CHSH inequality [79, 80], and quantum state tomography 
(QST) [81]. Two-photon interference fringe is much easier to measure; through 
calculating the interference visibility from the measured data, we can evaluate the 
quality of an entangled source. A high visibility indicates a high quality of the gener-
ated state by comparing the ideal maximum Bell states. When the visibility is greater 
than a threshold value, the two photons have Bell nonlocality; the threshold value is 
different for two-photon states in different dimension. For two photons existing in 
classical correlation, the Bell CHSH parameter S is not greater than a certain value. 
The violation of this value indicates a nonclassical correlation between the two-
photon states. Bell CHSH parameter S is an indicator of whether the two-photon 
state has Bell nonlocality and how strong this kind of nonlocal correlation is. The 
violation of Bell inequality has been widely studied in literatures for a 2D and a HD 
entangled state. To fully know the content of a generated quantum state, QST can 
be used to reconstruct the density matrix of a certain quantum state. By the density 
matrix of a quantum state, all the properties of the quantum state can be predicted.

5. Quantum frequency conversion for nonclassical quantum state

There are many quantum systems for QIST based on different materials, 
including atomic ensembles, trapped ions, solid-state materials, and fibers for 
transmission [82–86]. Each quantum system has some advantages in QST, and these 

Figure 5. 
Experimental setup for measuring heralded single photon autocorrelation function for single photon generated 
from SPDC (image cited from [74]).
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_
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and the methods of characterization are rather different. [65] reported on the real-
ization of a 11D entangled source, demonstrating the violation of the Bell inequal-
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photon source
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in [74]. The measured photon is firstly split by a beam splitter, and then by measur-
ing the three party coincidence, single count and two-photon coincidence, we can 

Figure 4. 
Generate HD OAM entangled state directly from SPDC (left image); 2D OAM entangled state generation by 
converting a polarized entangled state into 2D subspace of OAM entangled state (right image, cited from [48]).
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calculate the single photon g(2) function (see Figure 5). A near zero g(2)(0) indicates 
the high quality of single photon nature. For a pulse pumped photon source, the 
single photon purity is also an important parameter [17, 77]. The purity of photon 
is a measurement of spectral correlations between two photons; the purity is 
determined by the Schmitt number in the Schmitt decomposition. The unity single 
photon purity indicates that the two-photon spectral can be factorized into product 
of two separate functions of the signal and idler photons. The high single photon 
purity is very important for realizing high visibility HOM interference between two 
independent single photon sources, which is the key technique for realizing high 
photon number entangled states.

There are various available and faithful methods to characterize the quality of 
entanglement of an entangled two-photon source, including two-photon interfer-
ence fringes [65, 78], Bell CHSH inequality [79, 80], and quantum state tomography 
(QST) [81]. Two-photon interference fringe is much easier to measure; through 
calculating the interference visibility from the measured data, we can evaluate the 
quality of an entangled source. A high visibility indicates a high quality of the gener-
ated state by comparing the ideal maximum Bell states. When the visibility is greater 
than a threshold value, the two photons have Bell nonlocality; the threshold value is 
different for two-photon states in different dimension. For two photons existing in 
classical correlation, the Bell CHSH parameter S is not greater than a certain value. 
The violation of this value indicates a nonclassical correlation between the two-
photon states. Bell CHSH parameter S is an indicator of whether the two-photon 
state has Bell nonlocality and how strong this kind of nonlocal correlation is. The 
violation of Bell inequality has been widely studied in literatures for a 2D and a HD 
entangled state. To fully know the content of a generated quantum state, QST can 
be used to reconstruct the density matrix of a certain quantum state. By the density 
matrix of a quantum state, all the properties of the quantum state can be predicted.

5. Quantum frequency conversion for nonclassical quantum state

There are many quantum systems for QIST based on different materials, 
including atomic ensembles, trapped ions, solid-state materials, and fibers for 
transmission [82–86]. Each quantum system has some advantages in QST, and these 

Figure 5. 
Experimental setup for measuring heralded single photon autocorrelation function for single photon generated 
from SPDC (image cited from [74]).
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systems usually work at different frequencies, which may have a big frequency 
mismatching. To build up a quantum network consisting of various quantum 
systems for information encoding, storage, transmission, and processing, a quan-
tum frequency converter (QFC) to link different quantum systems is indispensable. 
Such a frequency transducer can be realized by utilizing nonlinear processes such 
as sum frequency generation (SFG) and Bragg reflection in four-wave mixing. The 
theory of quantum frequency conversion for SFG was first proposed by P. Kumar 
in 1990 [87]. In SFG, a strong pump laser can convert a weak signal beam with 
high quantum efficiency; the unity quantum efficiency can be reached when the 
pump beam is strong enough (see Figure 6 left image), and the quantum correla-
tions are unchanged after frequency conversion. Since it has been proposed, some 
significant progresses have been made in this field; researchers have realized that 
frequency up-conversion and down-conversion for a single photon generated from 
quantum dot, and various qubit states or entangled states such as polarization, 
time-energy, and OAM entangled state [39, 88–101] have been up- or down-
converted. A typical setup for QFC of an OAM qubit, an OAM-polarization hybrid 
entangled state, and an OAM-OAM entangled state is shown in Figure 6 (right 
image). For frequency down-conversion, the visible single photons generated from 
atomic ensemble, trapped irons, or NV centers have been converted to telecom 
band successfully [102–105]. In all these demonstrations, the single photon proper-
ties and entanglement are preserved in the conversion processes, which ensures 
that quantum information can be coupled to different quantum systems by using a 
quantum frequency interface.

In QFC, there are four parameters to evaluate the quality of a converter: quan-
tum conversion efficiency, noise level, spectral bandwidth, and spatial bandwidth. 
These parameters are not independent; therefore in practical applications, one 
needs to balance between different parameters [98]. A longer nonlinear crystal 
is preferred to reach maximum conversion efficiency when the pump power is 

Figure 6. 
Left image: simple diagram for sum frequency generation in QPM crystal. Right image: experimental setup of 
QFC for an OAM qubit, an OAM-polarization hybrid entangled state, and an OAM-OAM entangled state 
(cited from [99]).

47

Generation and Manipulation of Nonclassical Photon Sources in Nonlinear Processes
DOI: http://dx.doi.org/10.5772/intechopen.90268

limited, but a longer nonlinear crystal would lead to a smaller spectral bandwidth 
and spatial bandwidth; a proper crystal length should be chosen to balance conver-
sion efficiency and spectral bandwidth. The noise in QFC comes from SPDC and 
SRS of the intense pump beam; therefore a longer pump wavelength is preferred to 
reduce the noise photon in QFC [106]. The noise photon can also be dramatically 
reduced by using a narrow bandwidth filters to filter out the converted photon.

6. Discussions and conclusion

Nonclassical photon sources are used in almost all fields of QIST; the ability to 
generate and control its properties is at the heart for applications in QIST. Though 
many progresses have been made in single photon generation and manipulation 
in nonlinear processes, lots of further techniques should be developed to harness 
the quality of single photon generated in SPDC or SFWM. The detailed techniques 
for optimizing the parameter of the photon source depend on the specific applica-
tions. For a pulsed heralded single photon source, the heralded efficiency and 
total photon count are important parameters, but the probability of single photon 
generation per pulse is very low, which limits the flux of photon pair generation. 
These defects can be overcome by using time, frequency, and OAM multiplex-
ing to enhance the photon generation probability per pulse and total count rate 
[41, 107–112]. When the optical elements for multiplexing have low losses, the 
heralded efficiency and rate can be increased substantially [112]. For applications 
taking advantages of the sharp time correlations in SPDC, a broadband spectrum 
of the photon pair is needed. Such a broadband photon pair can be realized with 
an ultrathin nonlinear crystal or using a chirp quasi-phase-matching crystal; the 
bandwidth of the photon pair generated can be greater than 100 nm, which has a 
time correlation of sub-femtosecond [113]. For quantum information applications, 
a multiplexed time-energy and polarized entangled photon pair is preferred for 
high-capacity quantum communication by using dense-wave division multiplex-
ing technique. The multiplexed entangled sources are easier to be realized using a 
waveguide platform such as a PPLN waveguide, a DSF, or SOI waveguide. A SOI 
ring cavity is also preferred in generating frequency comb entangled states [114]. 
For generating HD entangled states, by shaping the profile of a pump beam, a much 
greater Hilbert space can be reached [115, 116]. For QFC of OAM entangled states, 
the mode-dependent conversion efficiency has not been solved yet. We recently 
proposed and demonstrated that if we use a flat-top beam to pump the SFG crystal, 
then we can solve the problem of mode-dependent conversion efficiency by using a 
Gaussian pump beam [117].

For a compact application, integrated optics will offer a great advantage over 
free-space implementation; the trends of modern optics are to convert a free-
space module to an equivalent integrated optical device, which will be of high 
compact, robust to environment fluctuations and much easier for larger amounts 
of fabrication [118, 119].

In conclusion, most of the advances and progresses for generation and manipu-
lation of single photon sources in nonlinear processes are briefly reviewed in this 
chapter; this review will provide a glance at the current status, and challenges 
remain to be solved in this field. The general properties for single photon generation 
in nonlinear processes are introduced firstly; then we introduce the development 
of various entangled states and the methods to characterize nonclassical photonic 
states. Next, we review the progresses for frequency conversion of a photonic 
state in nonlinear processes. Finally, we give comprehensive discussions about 
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limited, but a longer nonlinear crystal would lead to a smaller spectral bandwidth 
and spatial bandwidth; a proper crystal length should be chosen to balance conver-
sion efficiency and spectral bandwidth. The noise in QFC comes from SPDC and 
SRS of the intense pump beam; therefore a longer pump wavelength is preferred to 
reduce the noise photon in QFC [106]. The noise photon can also be dramatically 
reduced by using a narrow bandwidth filters to filter out the converted photon.

6. Discussions and conclusion

Nonclassical photon sources are used in almost all fields of QIST; the ability to 
generate and control its properties is at the heart for applications in QIST. Though 
many progresses have been made in single photon generation and manipulation 
in nonlinear processes, lots of further techniques should be developed to harness 
the quality of single photon generated in SPDC or SFWM. The detailed techniques 
for optimizing the parameter of the photon source depend on the specific applica-
tions. For a pulsed heralded single photon source, the heralded efficiency and 
total photon count are important parameters, but the probability of single photon 
generation per pulse is very low, which limits the flux of photon pair generation. 
These defects can be overcome by using time, frequency, and OAM multiplex-
ing to enhance the photon generation probability per pulse and total count rate 
[41, 107–112]. When the optical elements for multiplexing have low losses, the 
heralded efficiency and rate can be increased substantially [112]. For applications 
taking advantages of the sharp time correlations in SPDC, a broadband spectrum 
of the photon pair is needed. Such a broadband photon pair can be realized with 
an ultrathin nonlinear crystal or using a chirp quasi-phase-matching crystal; the 
bandwidth of the photon pair generated can be greater than 100 nm, which has a 
time correlation of sub-femtosecond [113]. For quantum information applications, 
a multiplexed time-energy and polarized entangled photon pair is preferred for 
high-capacity quantum communication by using dense-wave division multiplex-
ing technique. The multiplexed entangled sources are easier to be realized using a 
waveguide platform such as a PPLN waveguide, a DSF, or SOI waveguide. A SOI 
ring cavity is also preferred in generating frequency comb entangled states [114]. 
For generating HD entangled states, by shaping the profile of a pump beam, a much 
greater Hilbert space can be reached [115, 116]. For QFC of OAM entangled states, 
the mode-dependent conversion efficiency has not been solved yet. We recently 
proposed and demonstrated that if we use a flat-top beam to pump the SFG crystal, 
then we can solve the problem of mode-dependent conversion efficiency by using a 
Gaussian pump beam [117].

For a compact application, integrated optics will offer a great advantage over 
free-space implementation; the trends of modern optics are to convert a free-
space module to an equivalent integrated optical device, which will be of high 
compact, robust to environment fluctuations and much easier for larger amounts 
of fabrication [118, 119].

In conclusion, most of the advances and progresses for generation and manipu-
lation of single photon sources in nonlinear processes are briefly reviewed in this 
chapter; this review will provide a glance at the current status, and challenges 
remain to be solved in this field. The general properties for single photon generation 
in nonlinear processes are introduced firstly; then we introduce the development 
of various entangled states and the methods to characterize nonclassical photonic 
states. Next, we review the progresses for frequency conversion of a photonic 
state in nonlinear processes. Finally, we give comprehensive discussions about 
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the remaining challenges in generating high-quality and HD entangled states, the 
unsolved problems for QFC of HD OAM photonic states, and the development of 
integrated optics for small footprint optical devices and large-scale quantum infor-
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Chapter 4

Single-Photon Frequency
Conversion for Quantum Interface
Yuanhua Li and Xianfeng Chen

Abstract

Single-photon frequency conversion for quantum interface plays an important
role in quantum communications and networks, which is crucial for the realization
of quantum memory, faithful entanglement swapping and quantum teleportation.
In this chapter, we will present our recent experiments about single-photon fre-
quency conversion based on quadratic nonlinear processes. Firstly, we demon-
strated spectrum compression of broadband single photons at the telecom
wavelength to the near-visible window, marking a critical step towards coherent
photonic interface. Secondly, we demonstrated the nonlinear interaction between
two chirped broadband single-photon-level coherent states, which may be utilized
to achieve heralding entanglement at a distance. Finally, we theoretically intro-
duced and experimentally demonstrated single-photon frequency conversion in the
telecom band, enabling switching of single photons between dense wavelength-
division multiplexing channels. Moreover, quantum entanglement between the
photon pair is maintained after the frequency conversion. Our researches have
realized three significant quantum interfaces via single-photon frequency conver-
sion, which hold great promise for the development of quantum communications
and networks.

Keywords: quantum interface, quantum network, single-photon frequency
conversion, periodically poled lithium niobate waveguide, sum frequency
generation, cascaded nonlinear process, spectrum compression, spontaneous
down-conversion

1. Introduction

In recent years, nonlinear quantum optics has developed rapidly, such as quan-
tum communication [1], quantum computation [2], quantum memory [3], quan-
tum network [4], and so on. In order to realize these quantum applications,
coherent quantum interface is a significant quantum device as it is capable of
frequency and bandwidth in the telecom band is converted simultaneously. Quan-
tum network is an important platform to study quantum communication, quantum
computation, and quantummemory. Quantum network consists of many nodes and
the quantum communication channels of the connected nodes, and the quantum
communication channels of different connected nodes need to be connected by a
quantum interface. Any node in a quantum network has the capability of quantum
communication, quantum memory, quantum entanglement swapping, and genera-
tion of single photon sources. When the quantum channel of different nodes
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Abstract

Single-photon frequency conversion for quantum interface plays an important
role in quantum communications and networks, which is crucial for the realization
of quantum memory, faithful entanglement swapping and quantum teleportation.
In this chapter, we will present our recent experiments about single-photon fre-
quency conversion based on quadratic nonlinear processes. Firstly, we demon-
strated spectrum compression of broadband single photons at the telecom
wavelength to the near-visible window, marking a critical step towards coherent
photonic interface. Secondly, we demonstrated the nonlinear interaction between
two chirped broadband single-photon-level coherent states, which may be utilized
to achieve heralding entanglement at a distance. Finally, we theoretically intro-
duced and experimentally demonstrated single-photon frequency conversion in the
telecom band, enabling switching of single photons between dense wavelength-
division multiplexing channels. Moreover, quantum entanglement between the
photon pair is maintained after the frequency conversion. Our researches have
realized three significant quantum interfaces via single-photon frequency conver-
sion, which hold great promise for the development of quantum communications
and networks.

Keywords: quantum interface, quantum network, single-photon frequency
conversion, periodically poled lithium niobate waveguide, sum frequency
generation, cascaded nonlinear process, spectrum compression, spontaneous
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1. Introduction

In recent years, nonlinear quantum optics has developed rapidly, such as quan-
tum communication [1], quantum computation [2], quantum memory [3], quan-
tum network [4], and so on. In order to realize these quantum applications,
coherent quantum interface is a significant quantum device as it is capable of
frequency and bandwidth in the telecom band is converted simultaneously. Quan-
tum network is an important platform to study quantum communication, quantum
computation, and quantummemory. Quantum network consists of many nodes and
the quantum communication channels of the connected nodes, and the quantum
communication channels of different connected nodes need to be connected by a
quantum interface. Any node in a quantum network has the capability of quantum
communication, quantum memory, quantum entanglement swapping, and genera-
tion of single photon sources. When the quantum channel of different nodes

57



performs the conversion of quantum communication and quantum memory, a
quantum interface is needed, which can simultaneously realize spectral compres-
sion and frequency conversion because the bandwidth and the center frequency of
the single photon used in quantum communication and quantum memory are
different. When two broadband photons of different nodes’ quantum channels are
connected by quantum entanglement swapping, the connected quantum interface
can efficiently couple the two broadband photons and simultaneously realize the
nonlinear frequency conversion of the two broadband photons. The nonlinear up-
conversion of two broadband photons in nonlinear crystals can be converted into a
high frequency narrowband photon, which provides a basis for implementing dif-
ferent types of quantum interfaces.

Periodically polarized lithium niobate (PPLN) waveguides have higher second-
order nonlinear coefficients than other nonlinear crystals. PPLN waveguide not
only transmits a wide spectrum but is also easily integrated and processed into
PPLN waveguide chips. It also can preserve the quantum properties of photons.
The nonlinear effect of PPLN waveguide chip can realize the up-conversion and
down-conversion of nonlinear frequencies of different wavelength photons.
Therefore, PPLN waveguide chip is ideal for implementing different types of
quantum interfaces.

In our work, we utilized PPLN waveguide chip to realize several kinds of
different functions of single-photon frequency conversion for coherent quantum
interface. First, we have demonstrated the generated coherent quantum interface
suitable for quantum communication at 1550 nm and quantum memory in the
near-visible window. We exploit a positively chirped single-photon-level laser pulse
and a negatively chirped classical laser pulse by sum frequency generation (SFG)
process to compress the bandwidth of the positively chirped single-photon-level
laser pulse in a PPLN waveguide chip—from 800 to 13.7 GHz—which is
approaching the bandwidth regime of some quantum memories. In the same time,
one can flexibly convert the 1550-nm telecom-band photons into the near-
infrared window [5]. Second, we have experimentally demonstrated the SFG
between two broadband single-photon-level coherent states by using a high-
efficiency PPLN waveguide chip. The SFG efficiency of 1:06� 10�7 is realized,
which provides potentially feasible quantum applications, such as faithful entan-
glement swapping without post-selection and nonlinear interaction between
single photons with an integrated device at room temperature. What’s more, long-
distance quantum communication can be achieved by broadband single photons
generated in a spontaneous parametric down conversion (SPDC) source [6].
Finally, we have realized the core quantum interface for fiber quantum networks.
We report single-photon frequency conversion in a telecommunication band based
on cascaded quadratic nonlinearity, i.e., SFG and difference frequency generation
(DFG), in a PPLN waveguide. It shows that the frequency of single photons can
be precisely converted to a DFG with continuous adjustability in a wide
telecommunication band and their quantum characteristics are protected after the
single-photon frequency conversion [7].

2. Methodology and result

2.1 Spectral compression of single-photon-level laser pulse

Photons at 1550 nm are critical to all quantum information tasks via an optical-
fiber network. Nevertheless, the narrowband photons in the near-visible wave-
length regime possess the most efficient quantum memories and an ability of being
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easily detected by a silicon avalanche photodiode (APD). Many theoretical schemes
have been proposed to achieve the pulse compression or the frequency conversion.
For instance, the 1550-nm photons can be converted into the near-infrared window
through the nonlinear processes, such as the SFG. As theoretical schemes are
diverse, they can be characterized by one common shortage, namely realizing only
one operation. Therefore, it is highly expected that an optical technology is capable
of simultaneously performing spectrum compression and frequency conversion in
the telecom band.

In our experiment, spectral compression of single-photon-level laser pulse is
generated by SFG between a positively chirped single-photon-level laser pulse and a
negatively chirped classical laser pulse. As known, a laser pulse can be expressed as
the frequency-dependent electric field E νð Þ ¼ U νð Þeiϕ νð Þ, where U νð Þ and ϕ νð Þ
represent the amplitude information and phase information of the laser pulse,
respectively. Obviously, we can obtain a chirp result when a transform-limited
laser pulse is subject to a quadratic phase ϕ νð Þ ≈ A ν� ν0ð Þ2, where A is a constant
and ν0 is the center frequency. In terms of dϕ νð Þ=dν ¼ 2πt, one can obtain
dϕ νð Þ=dν ¼ 2πt ¼ 2A ν� ν0ð Þ; thus, ν ¼ ν0 þ πt=A is realized.

The negatively chirped classical laser pulse of frequency with ν0,P increases
linearly in time t1, i.e., ν0,P t1ð Þ ¼ ν0,P þ πt1=A, and the positively chirped single-
photon-level pulse frequency with ν0,Q decreases linearly in time t2, ν0,Q t2ð Þ ¼
ν0,Q � πt2=A: Here, A is the chirp rate, ν0,P and ν0,Q are the center frequency of
these two laser pulse sources, and Δt ¼ t1 � t2 is a relative time delay between the
negatively chirped classical laser pulse and positively chirped single-photon-level
laser pulse. In our work, ν0,P and ν0,Q are equal as chirped laser pulse and negatively
laser pulse are two replicas of the laser source. When the positively chirped single-
photon-level laser pulse and negatively classical laser pulse simultaneously reach the
PPLN waveguide chip, a blue-shifted frequency component of negatively classical
laser pulse (ν0,P þ πt1=A) would match a red-shifted frequency component of
positively chirped single-photon-level laser pulse (ν0,Q � πt2=A) with the relative
time delay Δt, and all frequency components of these two laser pulses would sum
to a new narrow frequency with ν0, SFG Δtð Þ ¼ ν0,P þ ν0,Q þ πΔt=A. The expected
(TH) intensity bandwidth (FWHM) of the SFG photon is given by the following
equation [8]:

ΔνTHSFG ≈
ln 4
A

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

Δν2P
þ 1
Δν2Q

s
, (1)

where ΔνP and ΔνQ are the bandwidths (FWHM). The FWHM bandwidth Δν
is limited by group velocity dispersion, and decreases linearly with the length of
the PPLN waveguide, i.e., Δν ¼ Δν̂=L, where Δν̂ ¼ 4200GHz � cm is the
spectral acceptance of the waveguide.When the full FWHM bandwidths of positively
chirped single-photon-level laser pulse and negatively chirped classical laser pulse are
used in the waveguide, the maximum SFG efficiency is guaranteed.

A schematic of our experimental setup is shown in Figure 1. In our experiment,
the mode-locked optical-fiber laser pulse source generates 500-fs pulses at
1551.54 nm center wavelength, about 6.4 nm spectral bandwidth (6.4 nm is the
FWHM of the spectral intensity distribution), 59.98 MHz repetition rate, and 45.2
MW average power. We split the laser pulse source into two replicas using a 50:50
beam splitter (BS), and then one of the two replicas of laser pulse is sent to a
broadband fiber Bragg grating 1 (FBG1); at the same time, the other laser pulse is
coupled into the FBG2. The parameters of FBG1 and FBG2 are exactly the same
(1547 nm center wavelength, 39 nm FWHM bandwidth, and 5 nm/cm chirp rate).
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performs the conversion of quantum communication and quantum memory, a
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It is known that FBG can be used for up-chirping and down-chirping, depending
on the choice of the side from which the laser pulse is reflected. Thus, the two
different chirp laser pulses after FBG1 and FBG2 are the same but with the opposite
sign. It means that the positively chirped and negatively laser pulses have an equal
and opposite chirp, �A. A positively chirped laser pulse is generated through FBG1
to introduce a linear chirp by group velocity dispersion. The other laser pulse is
negative after a broadband FBG2. A variable optical attenuator (ATT1) is used to
create a positively chirped single-photon-level laser pulse, and the other variable
optical attenuator (ATT2) is used to control the energy of negatively chirped clas-
sical laser pulse for this experiment.

Then, the positively chirped single-photon-level laser pulse and the negatively
chirped classical laser pulse are combined by a 1550/1550 nm 50:50 single-mode
beam splitter (SBS) and couple into the z-cut PPLN waveguide chip through the
optical-fiber pigtail. Two single-mode polarization beam splitters (SPBS (200:1))
and two polarization controllers (PCs) are used for controlling the positively
chirped single-photon-level laser pulse and the negatively chirped classical laser
pulse to the TM mode; it is known that the PPLN waveguide chip only supports
Type-0 (ee ! e) phase matching in our work. A temperature controller (TC) is used
for adjusting the PPLN waveguide chip’s temperature to keep the QPM of the SFG
process. The spectrally narrowed SFG photon pulse can be obtained in the PPLN
waveguide chip, after interference filter (IF) with a nominal bandwidth of 20 nm
(FWHM) centered around 780 nm (loss is about 1.2 dB), and then coupled into an
optical-fiber-coupled spectrometer. Finally, the SFG photons are detected by a
SAPD, whose detection efficiency is up to 60% at 775 nm and dark count rate is
26 Hz. In our experiment, a superconducting single photon detector (SSPD) is
used to calibrate and monitor the counts of photons of positively chirped
single-photon-level laser pulse, whose detection efficiency is up to 10% at
1551 nm and dark count rate is 600 Hz. Using the IF, any residue of the positively
or negatively chirped photons have to be filtered out from the SFG photons by a
factor of 10�18.

The reverse-proton-exchange PPLN waveguide chip is 52-mm long and QPM to
perform the SFG process 1551 nm + 1551 nm ! 775.5 nm. It is poled through the
quasi-phase-matching period of 19.6 μm. Moreover, one has a total fiber-to-output-
facet throughput of approximately �1.5 dB for the telecom band. The PPLN wave-
guide chip is antireflection coated to prevent interference fringes and enhance the
system efficiency.

Figure 1.
Experimental set-up. ATT, variable optical attenuator; BS, beam splitter (50:50); Circulators, optical fiber
circulators; PC, polarization controller; FBG, fiber Bragg grating; Delay Fiber, optical adjustable delay fiber;
SPBS, single mode polarization beam splitter (single mode to polarization maintaining); SBS, single mode
beam splitter (single mode to polarization maintaining); PPLN-WG, PPLN waveguide chip; IF, interference
filter; SAPD, silicon APD [5].
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We first obtain the spectrum of the positively chirped laser pulse by using an
optical-fiber-coupled spectrometer and find a width 800� 20 GHz FWHM cen-
tered at 1551.54 nm (shown in red). The positively chirped laser pulse is then
coupled through an optical fiber and superposed with the negatively chirped classi-
cal laser pulse (790� 20GHz, centered at 1551.54 nm) in the PPLN waveguide chip
for SFG. The SFG photons, after IF, are sent to a single-mode optical fiber and
coupled into the optical-fiber-coupled spectrometer. Here, the FWHM bandwidths
of both negatively and positively chirped laser pulses are smaller than the spectral
acceptance of the PPLN waveguide chip (Δν ¼ Δν̂=L ¼ 807GHz). Thus, the full
FWHM bandwidths of positively and negatively chirped laser pulses are used in the
PPLN waveguide chip, as expected. As shown in Figure 2(a), we measure signifi-
cant spectral compression of the positively chirped laser pulse. The initial band-
width of the positively chirped laser pulse is 800 GHz centered at 1551.54 nm
(shown in red). When the quadratic phase is applied and the two laser pulses are
up-converted, the bandwidth of laser pulse generated reduces to 33� 1GHz
(FWHM) centered at 775.77 nm (shown in black), where the relative time delay
Δt ¼ 0.

Taking the resolution of our spectrometer into account, ΔνR ¼ 30� 1 GHz
(FWHM), the actual bandwidth of the SFG photons after deconvolution is
ΔνEXP

SFG ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Δν2M � Δν2R

p
¼ 13:7 � 4:2 GHz (FWHM). The spectra are given by nor-

malized intensities and, for the up-converted case, correspond to the average of 10
consecutive scans of 15 min acquisition time. This result agrees closely with theory,
ΔνTHSFG ¼ 9:8� 0:7 GHz (FWHM) from Eq. (1), using the expected chirp parameter
A ¼ �2:52� 0:01ð Þ ∗ 108fs2 given by the geometry of our FBG. Therefore, a band-
width compression ratio of 58:1 is achieved in the positively chirped laser pulse
(Figure 2(b)).

The center wavelength of the SFG photons can be controlled by adjusting the
relative delay Δt between the input pulses at the PPLN waveguide chip. The SFG
spectrum of the created laser pulse could be given by a function of the delay time,
with the fitted center wavelengths shown in Figure 3. The experimental results
show that the wavelength depends linearly on the delay time, as expected. The
linear fit gives a slope of �0:0247 � 0:001 nm/ps. In terms of the slope data, we
measure the negatively chirp parameter of A ¼ �2:55� 0:01ð Þ ∗ 108fs2, in good
agreement with the chirp parameter A ¼ �2:52� 0:01ð Þ ∗ 108fs2 of the FBG1. It is
also shown that the bandwidth compression ratio independent of the optical relative
delay Δt, which agrees closely with the theoretical result from the above Eq. (1).

Figure 2.
The positively chirped pulse spectrum and up-converted laser pulse spectrum (a) and relative frequency (b) [5].
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In our experiment, it is verified that any SFG photons detected by the SAPD is
the result of the SFG process, and not a SHG of the positively or negatively chirped
photons. Moreover, any residue of photons the positively or negatively chirped laser
pulse has to be filtered out from SFG photons by a factor of 10�18. Once the number
of positively chirped laser pulse is controlled to single-photon level, the detected
SHG counts from the positively chirped laser pulse drop to its dark counts (3.5 Hz).
When the input power of the negatively chirped laser pulse is less than 0.6 nW, the
SHG photons are also equal to the dark counts. The efficiency of SFG is then given
by ηSFG ¼ PSFG=βN, where PSFG is the number of SFG photons per second, β is the
repetition rate of seed laser, and N is average of photons per second of positively
chirped laser pulse.

As shown in Figure 4, the power of the negatively chirped laser pulse is keeping
at 0.6 nW. The SFG photons and SFG efficiencies are measured. The average of
photons per second (N1 ¼ 0:933 and N2 ¼ 0:302) of positively chirped laser pulse
can be obtained with the ATT2. By adjusting the relative delay Δt, SFG photons and
SFG efficiencies of different situations are measured (like Figure 3(b)). At the
same time, it is found that the overall conversion efficiency of SFG varies with the
relative delay Δt. When the relative time delay Δt ¼ 0, the maximum SFG effi-
ciency is 7:82� 10�6 with the average of photons of positively chirped laser pulse
(0.933), where the dark counts (3.5 Hz) are subtracted. Here, the total losses have

Figure 3.
The SFG spectrum of the created laser pulse (a), central wavelength and compression ratio of the output pulses
versus the optical relative delay (b). Error bars are smaller than the data points [5].

Figure 4.
SFG photons (top) and SFG efficiencies (bottom). The abscissa is a variable optical relative delay between the
negatively and positively chirped laser pulses at the PPLN waveguide chip [5].
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been considered, such as the coupling loss of 0.7 dB, reflection loss of 1.2 dB, total
fiber-to-output-facet loss of 1.5 dB, and detection efficiency of 60% (see Figure 4).

The lower SFG signal for single photons required longer times than for the
intense photons states. Thus, all the data are measured within a day to reduce the
effects of drift. The results show that the SFG efficiency increases with increasing
the average of photons of the positively chirped pulse (see Figure 4).

It is found that the SFG efficiency decreases with reducing the photons of
negatively chirped laser pulse, and the efficiency of SFG also increases with
increasing input power of the positively and negatively chirped laser pulse. Next,
we obtain the efficiency of SFG in two ways: one, by controlling the photons of the
negatively chirped laser pulse with the ATT1 and ATT2; the other by increasing the
power of positively and negatively chirped laser pulse with the ATT1 and ATT2.
Figure 5 depicts the results of these two measurements. The SFG efficiencies, SFG
photons, the power of produced harmonics, and error bars of them are accounted,
where the dark counts (3.5 Hz) are subtracted.

As shown in Figure 5(a), when the negatively chirped laser pulse (10 photons
per pulse) and the positively chirped single-photon-level laser pulse (0.933 photons
per pulse) are simultaneously sent to the PPLN waveguide chip, the maximum SFG
efficiency of 4:58� 10�7 is obtained, where the relative time delay Δt ¼ 0. In
Figure 5(b), we use the ATT1 and ATT2 to keep the input power of positively and
negatively chirped laser pulse at 203.1 and 202.8 μW, respectively. The power of
produced harmonics Ei i ¼ 0; 1; 2ð Þ can be measured, where E0 is the total power of
SFG and SHG of the positively and negatively chirped laser pulse, E1 is the power of
SHG of the positively chirped laser pulse, and E2 is the power of SHG of the
negatively chirped laser pulse. When the relative time delay Δt ¼ 0, the power of
SHG generated is E0 ¼ 21:62 μW, which is obtained from SHG of the positively
chirped laser pulse (E1 ¼ 0:28 μW), SHG of the negatively chirped laser pulse
(E2 ¼ 0:01 μW), and SFG photons (ESFG ¼ E0 � E1 � E2 ¼ 21:33 μW). In the case,
the maximum SFG efficiency of 20% is obtained, where the relative time delay
Δt ¼ 0. Here, the total losses have been taken into account. We also find that the
rate of SFG photons generated is 73 times of the rate of SHG photons generated of
these two independent laser pulses.

In our scheme, although both the negatively and positively chirped laser pulses
are at the same center wavelength, the power of SHG from each is kept below the
power of SFG (see Figure 5(b)). At the same time, the SHG photons from the
two independent laser pulses are also lower than the SFG photons when the
bandwidth of positively chirped single-photon-level laser pulse is compressed

Figure 5.
SFG photons and SFG efficiencies (a), SFG efficiencies and the energy of generated SHG photons (b). The
abscissa is a variable optical relative time delay between the negatively and positively chirped laser pulses at the
PPLN waveguide chip [5].
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by ηSFG ¼ PSFG=βN, where PSFG is the number of SFG photons per second, β is the
repetition rate of seed laser, and N is average of photons per second of positively
chirped laser pulse.

As shown in Figure 4, the power of the negatively chirped laser pulse is keeping
at 0.6 nW. The SFG photons and SFG efficiencies are measured. The average of
photons per second (N1 ¼ 0:933 and N2 ¼ 0:302) of positively chirped laser pulse
can be obtained with the ATT2. By adjusting the relative delay Δt, SFG photons and
SFG efficiencies of different situations are measured (like Figure 3(b)). At the
same time, it is found that the overall conversion efficiency of SFG varies with the
relative delay Δt. When the relative time delay Δt ¼ 0, the maximum SFG effi-
ciency is 7:82� 10�6 with the average of photons of positively chirped laser pulse
(0.933), where the dark counts (3.5 Hz) are subtracted. Here, the total losses have

Figure 3.
The SFG spectrum of the created laser pulse (a), central wavelength and compression ratio of the output pulses
versus the optical relative delay (b). Error bars are smaller than the data points [5].

Figure 4.
SFG photons (top) and SFG efficiencies (bottom). The abscissa is a variable optical relative delay between the
negatively and positively chirped laser pulses at the PPLN waveguide chip [5].
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been considered, such as the coupling loss of 0.7 dB, reflection loss of 1.2 dB, total
fiber-to-output-facet loss of 1.5 dB, and detection efficiency of 60% (see Figure 4).

The lower SFG signal for single photons required longer times than for the
intense photons states. Thus, all the data are measured within a day to reduce the
effects of drift. The results show that the SFG efficiency increases with increasing
the average of photons of the positively chirped pulse (see Figure 4).

It is found that the SFG efficiency decreases with reducing the photons of
negatively chirped laser pulse, and the efficiency of SFG also increases with
increasing input power of the positively and negatively chirped laser pulse. Next,
we obtain the efficiency of SFG in two ways: one, by controlling the photons of the
negatively chirped laser pulse with the ATT1 and ATT2; the other by increasing the
power of positively and negatively chirped laser pulse with the ATT1 and ATT2.
Figure 5 depicts the results of these two measurements. The SFG efficiencies, SFG
photons, the power of produced harmonics, and error bars of them are accounted,
where the dark counts (3.5 Hz) are subtracted.

As shown in Figure 5(a), when the negatively chirped laser pulse (10 photons
per pulse) and the positively chirped single-photon-level laser pulse (0.933 photons
per pulse) are simultaneously sent to the PPLN waveguide chip, the maximum SFG
efficiency of 4:58� 10�7 is obtained, where the relative time delay Δt ¼ 0. In
Figure 5(b), we use the ATT1 and ATT2 to keep the input power of positively and
negatively chirped laser pulse at 203.1 and 202.8 μW, respectively. The power of
produced harmonics Ei i ¼ 0; 1; 2ð Þ can be measured, where E0 is the total power of
SFG and SHG of the positively and negatively chirped laser pulse, E1 is the power of
SHG of the positively chirped laser pulse, and E2 is the power of SHG of the
negatively chirped laser pulse. When the relative time delay Δt ¼ 0, the power of
SHG generated is E0 ¼ 21:62 μW, which is obtained from SHG of the positively
chirped laser pulse (E1 ¼ 0:28 μW), SHG of the negatively chirped laser pulse
(E2 ¼ 0:01 μW), and SFG photons (ESFG ¼ E0 � E1 � E2 ¼ 21:33 μW). In the case,
the maximum SFG efficiency of 20% is obtained, where the relative time delay
Δt ¼ 0. Here, the total losses have been taken into account. We also find that the
rate of SFG photons generated is 73 times of the rate of SHG photons generated of
these two independent laser pulses.

In our scheme, although both the negatively and positively chirped laser pulses
are at the same center wavelength, the power of SHG from each is kept below the
power of SFG (see Figure 5(b)). At the same time, the SHG photons from the
two independent laser pulses are also lower than the SFG photons when the
bandwidth of positively chirped single-photon-level laser pulse is compressed

Figure 5.
SFG photons and SFG efficiencies (a), SFG efficiencies and the energy of generated SHG photons (b). The
abscissa is a variable optical relative time delay between the negatively and positively chirped laser pulses at the
PPLN waveguide chip [5].
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(see Figures 4 and 5(a)). We can also confirm that by controlling the power of the
negatively chirped laser pulse, considering a positively chirped single-photon-level
laser pulse (0.933 photons per pulse). Figure 6 depicts the results of experimental
and theoretical SFG and SHG.

Once the input power of the negatively chirped laser pulse is more than 0.6 nW,
the up-converted photons generated consists of SHG photons of the negatively
chirped laser pulse, and SFG photons of the negatively chirped laser pulse and the
positively chirped single-photon-level laser pulse. In our experiment, up-converted
photons cannot be filtered out separately; thus, the SFG photons PSFG cannot be
measured. Here, we first send the negatively chirped laser pulse to the PPLN
waveguide chip alone, and the SHG photons P1 of the negatively chirped laser pulse
can be measured. If we simultaneously couple the negatively chirped laser pulse
and positively chirped single-photon-level laser pulse together into the PPLN
waveguide chip, the photons P0 of SFG and SHG can be obtained. The SFG photons
generated are obtained with the equation PSFG ¼ P0 � P1. When the relative time
delay Δt ¼ 0, the SHG and SFG photons of different situations are obtained by
controlling the power of the negatively chirped laser pulse (see Figure 6(a)). When
the power of negatively chirped laser pulse is less than 4.8 nW, we find that SHG
photons generated are lower than the SFG photons generated. When PSFG ¼ P1, the
SFG efficiency of 3:12� 10�5 is obtained. The measured results show that the
number of SHG photons will be more than the number of SFG photons when the
power of negatively chirped laser pulse is more than 4.8 nW.

Next, we carry out the theoretical analysis for SHG and SFG photons. As shown
in Figure 6(b), the spectrum of the negatively chirped laser pulse is measured. It is
found that the intensity of the negatively chirped laser pulse at 1551.54 nm is very
close to zero. When the negatively chirped laser pulse is sent to the PPLN wave-
guide alone, the number of SHG photons generated is very low. Here, we assume
that the power of the negatively chirped laser pulse which can be converted into
SHG photons is EN2 (black area), thus, the SHG photons P1 ∝ EN2j j2. However, when
the negatively and positively chirped laser pulses are simultaneously couple
together into the PPLN waveguide chip, photons in all spectrum of the negatively
chirped laser pulse can be used to produce the SFG photons. The full power of the
negatively chirped laser pulse is EN1 , as shown in Figure 6(b). Thus, the SFG
photons PSFG ∝EN1ES, where ES is the power of the positively chirped single-
photon-level laser pulse. When PSFG=P1 ≥ 1, the number of SFG photons generated
is more than the number of SHG photons. In the case, we obtain

Figure 6.
SHG photons and SFG photons (a), the negatively chirped laser pulse spectrum (b). The dark counts (3.5 Hz)
are subtracted, and the error bars are accounted [5].
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EN1ES

EN2j j2 ≥ 1: (2)

In terms of EN1 ¼ qEN2
, one can obtain EN1 ≤ q2ES, where q is proportional

coefficient. In our experiment, one has ES ¼ 7:3� 10�3nJ and q ¼ 26:8; thus,
EN1 ≤ 5:2nJ is realized. This result agrees closely with experiment, as shown in
Figure 6(a).

In order to reduce the number of SHG photons to the dark counts (3.5 Hz), the
power of the negatively chirped laser pulse must be very low. Thus, the SFG
efficiency is limited. The way to improve SFG efficiency is to filter out the photons
of wavelengths centered at 1551.54 nm of the negatively chirped laser pulse.

Furthermore, our results may provide potential application in standard decoy-
state quantum key distribution. By considering a fiber attenuation of 0.2 dB/km, the
coupling loss of 0.7 dB, the dark counts of 3.5 Hz, total fiber-to-output-facet loss of
1.5 dB, reflection loss of 1.2 dB, detection efficiency of 60%, and laser pulse with a
59.98 MHz repetition rate, the SFG efficiency of 7:82� 10�6 will achieve a rate of
about 8 bits/h on a distance of 20 km.

2.2 Nonlinear interaction between broadband single-photon-level coherent
states

It has been demonstrated that parametric interactions hold numerous advanced
applications in quantum communication, but strong optical fields are usually used
to preserve quantum property [9]. Nonlinear interactions between single photons
have been experimentally measured, such as spontaneous down-conversion [10]
and cross-phase modulation [11]. Here, we take the next step and report, a SFG
between two broadband single-photon-level coherent states. In our experiment, the
SFG efficiency of 1:06� 10�7 is realized, which provides potentially feasible quan-
tum applications, such as faithful entanglement swapping without post-selection
and nonlinear interaction between single photons with an integrated device at room
temperature. What’s more, long-distance quantum communication can be achieved
by broadband single photons generated in a spontaneous parametric down conver-
sion (SPDC) source.

In our experiment, a mode-locked optical fiber laser generates 500-fs pulses at
1551 nm with a repetition of 59.98 MHz and is used to generate the two chirped
broadband single-photon-level coherent states after FBG1 and FBG2. These two
chirped broadband coherent states are combined via a 50:50 SBS and sent to a PPLN
waveguide chip. The PPLN waveguide chip length is 52 mm, and its total losses are
2.2 dB including a coupling loss of 0.7 dB and a total fiber-to-output-facet loss of
1.5 dB. The unconverted photons are deterministically separated from the SFG
photons after IF, and the SFG photons are coupled into a silicon APD.

A schematic of the experimental setup is shown in Figure 7. The mode-locked
optical fiber laser can generate two copies of the pulses with equal energy with a
50:50 BS. These two copies of the pulses are used to produce two broadband single-
photon-level coherent states with ATT1 and ATT2. One of the two copies of the
laser pulses is couple into the FBG1, and the other laser pulse is coupled into the
FBG2. Thus, the spectrums of two copies of the photons after FBG1 and FBG2 are
the same but with the opposite sign. In our experiment, the positively chirped
single-photon-level coherent state is generated with the FBG2, and the other
single-photon-level coherent state is the negatively chirped coherent state after
the FBG1.
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(see Figures 4 and 5(a)). We can also confirm that by controlling the power of the
negatively chirped laser pulse, considering a positively chirped single-photon-level
laser pulse (0.933 photons per pulse). Figure 6 depicts the results of experimental
and theoretical SFG and SHG.

Once the input power of the negatively chirped laser pulse is more than 0.6 nW,
the up-converted photons generated consists of SHG photons of the negatively
chirped laser pulse, and SFG photons of the negatively chirped laser pulse and the
positively chirped single-photon-level laser pulse. In our experiment, up-converted
photons cannot be filtered out separately; thus, the SFG photons PSFG cannot be
measured. Here, we first send the negatively chirped laser pulse to the PPLN
waveguide chip alone, and the SHG photons P1 of the negatively chirped laser pulse
can be measured. If we simultaneously couple the negatively chirped laser pulse
and positively chirped single-photon-level laser pulse together into the PPLN
waveguide chip, the photons P0 of SFG and SHG can be obtained. The SFG photons
generated are obtained with the equation PSFG ¼ P0 � P1. When the relative time
delay Δt ¼ 0, the SHG and SFG photons of different situations are obtained by
controlling the power of the negatively chirped laser pulse (see Figure 6(a)). When
the power of negatively chirped laser pulse is less than 4.8 nW, we find that SHG
photons generated are lower than the SFG photons generated. When PSFG ¼ P1, the
SFG efficiency of 3:12� 10�5 is obtained. The measured results show that the
number of SHG photons will be more than the number of SFG photons when the
power of negatively chirped laser pulse is more than 4.8 nW.

Next, we carry out the theoretical analysis for SHG and SFG photons. As shown
in Figure 6(b), the spectrum of the negatively chirped laser pulse is measured. It is
found that the intensity of the negatively chirped laser pulse at 1551.54 nm is very
close to zero. When the negatively chirped laser pulse is sent to the PPLN wave-
guide alone, the number of SHG photons generated is very low. Here, we assume
that the power of the negatively chirped laser pulse which can be converted into
SHG photons is EN2 (black area), thus, the SHG photons P1 ∝ EN2j j2. However, when
the negatively and positively chirped laser pulses are simultaneously couple
together into the PPLN waveguide chip, photons in all spectrum of the negatively
chirped laser pulse can be used to produce the SFG photons. The full power of the
negatively chirped laser pulse is EN1 , as shown in Figure 6(b). Thus, the SFG
photons PSFG ∝EN1ES, where ES is the power of the positively chirped single-
photon-level laser pulse. When PSFG=P1 ≥ 1, the number of SFG photons generated
is more than the number of SHG photons. In the case, we obtain

Figure 6.
SHG photons and SFG photons (a), the negatively chirped laser pulse spectrum (b). The dark counts (3.5 Hz)
are subtracted, and the error bars are accounted [5].
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, one can obtain EN1 ≤ q2ES, where q is proportional

coefficient. In our experiment, one has ES ¼ 7:3� 10�3nJ and q ¼ 26:8; thus,
EN1 ≤ 5:2nJ is realized. This result agrees closely with experiment, as shown in
Figure 6(a).

In order to reduce the number of SHG photons to the dark counts (3.5 Hz), the
power of the negatively chirped laser pulse must be very low. Thus, the SFG
efficiency is limited. The way to improve SFG efficiency is to filter out the photons
of wavelengths centered at 1551.54 nm of the negatively chirped laser pulse.

Furthermore, our results may provide potential application in standard decoy-
state quantum key distribution. By considering a fiber attenuation of 0.2 dB/km, the
coupling loss of 0.7 dB, the dark counts of 3.5 Hz, total fiber-to-output-facet loss of
1.5 dB, reflection loss of 1.2 dB, detection efficiency of 60%, and laser pulse with a
59.98 MHz repetition rate, the SFG efficiency of 7:82� 10�6 will achieve a rate of
about 8 bits/h on a distance of 20 km.

2.2 Nonlinear interaction between broadband single-photon-level coherent
states

It has been demonstrated that parametric interactions hold numerous advanced
applications in quantum communication, but strong optical fields are usually used
to preserve quantum property [9]. Nonlinear interactions between single photons
have been experimentally measured, such as spontaneous down-conversion [10]
and cross-phase modulation [11]. Here, we take the next step and report, a SFG
between two broadband single-photon-level coherent states. In our experiment, the
SFG efficiency of 1:06� 10�7 is realized, which provides potentially feasible quan-
tum applications, such as faithful entanglement swapping without post-selection
and nonlinear interaction between single photons with an integrated device at room
temperature. What’s more, long-distance quantum communication can be achieved
by broadband single photons generated in a spontaneous parametric down conver-
sion (SPDC) source.

In our experiment, a mode-locked optical fiber laser generates 500-fs pulses at
1551 nm with a repetition of 59.98 MHz and is used to generate the two chirped
broadband single-photon-level coherent states after FBG1 and FBG2. These two
chirped broadband coherent states are combined via a 50:50 SBS and sent to a PPLN
waveguide chip. The PPLN waveguide chip length is 52 mm, and its total losses are
2.2 dB including a coupling loss of 0.7 dB and a total fiber-to-output-facet loss of
1.5 dB. The unconverted photons are deterministically separated from the SFG
photons after IF, and the SFG photons are coupled into a silicon APD.

A schematic of the experimental setup is shown in Figure 7. The mode-locked
optical fiber laser can generate two copies of the pulses with equal energy with a
50:50 BS. These two copies of the pulses are used to produce two broadband single-
photon-level coherent states with ATT1 and ATT2. One of the two copies of the
laser pulses is couple into the FBG1, and the other laser pulse is coupled into the
FBG2. Thus, the spectrums of two copies of the photons after FBG1 and FBG2 are
the same but with the opposite sign. In our experiment, the positively chirped
single-photon-level coherent state is generated with the FBG2, and the other
single-photon-level coherent state is the negatively chirped coherent state after
the FBG1.
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The FBG can be used to produce the up-chirping and down-chirping, depending
on the choice of the side from which the laser pulse is reflected. As the two copies
of the laser pulses are from the same seed laser, they have the same initially center
frequency ω0. When two copies of the laser pulses with instantaneous frequencies
described as ω1 tð Þ ¼ ω0 þ At and ω2 tð Þ ¼ ω0 � At (where A is the linear chirp
parameter) undergo SFG, the frequency of the laser pulse generated is constant
ω1 tð Þ þ ω2 tð Þ ¼ 2ω0ð Þ; thus, the high frequency long narrowband laser pulse can
be realized.

Subsequently, the positively and negatively chirped coherent states are sent to
the PPLN waveguide chip by the fiber pigtail. The PPLN waveguide chip is a
reverse-proton-exchange waveguide that is QPM to perform the SFG process
1551 nm + 1551 nm ! 775.5 nm. The PPLN waveguide chip has a QPM period of
19.6 μm. Two SPBS (200:1) and two PCs are used for controlling the positively and
negatively chirped single-photon-level coherent states to the TM mode. A SSPD is
used to calibrate and monitor the counts of the positively and negatively chirped
single-photon-level photons, whose detection efficiency is up to 10% at 1551 nm
and dark count rate of 600 Hz. A stable TC is used to keep at 27° to maintain the
QPM condition of the SFG process. The long narrowed SFG photons of higher
frequency are generated after the IF, with 20 nm FWHM bandwidth and 780 nm
center wavelength (about 1.2 dB loss). Finally, the SFG photons are detected with a
SAPD. The SFG photons and the laser clock signal are recorded using a TDC.

We first measure the spectrums of the negatively chirped laser pulse (800� 20
GHz spectral FWHM bandwidth, and 1551.56 nm center wavelength) and the pos-
itively chirped laser pulse (790� 20 GHz FWHM, and 1551.56 nm center wave-
length) by using a spectrometer, which are shown in Figure 8(a). The pump light
(the negatively chirped laser pulse) and the signal light (the positively chirped laser
pulse) are simultaneously sent to the PPLN waveguide chip. By using an IF, the
generated SFG photons are sent into the spectrometer.

In our experiment, when the classical pump and signal laser pulses are coupled
into the PPLN waveguide chip, the up-converted photons consist of SHG of pump
light, SHG of signal light, and SFG of pump light and signal light. In our experi-
ment, up-converted photons cannot be filtered out separately; thus, the SFG

Figure 7.
Experimental set-up. ATT, variable optical attenuator; BS, beam splitter (50:50); Circulators, optical fiber
circulators; PC, polarization controller; FBG, fiber Bragg grating; Delay Fiber, optical adjustable delay fiber;
SPBS, single mode polarization beam splitter (single mode to polarization maintaining); SBS, single mode
beam splitter (single mode to polarization maintaining); PPLN-WG, PPLN waveguide chip; IF, interference
filter; SAPD, silicon APD [6].
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photons NSFG cannot be measured. First, the pump light is sent to the PPLN wave-
guide chip alone, and the number of SHG photonsN1 can be obtained. Similarly, the
number of SHG photons N2 of signal light is obtained when only the signal light is
sent to the PPLN waveguide chip alone. When we simultaneously couple the pump
and signal laser pulses together into the PPLN waveguide chip, we can obtain the
number of photons N0 of SFG and SHG. Therefore, the number of SFG photons is
obtained with the equation NSFG ¼ N0 �N1 �N2. For the SFG photons to be mea-
sured distinctly, any residue of pump and signal light has to be filtered out from up-
conversion photons in this work. Here, the efficiency of SFG is given by
ηSFG ¼ NSFG=NA, where NA is the number of photons per second of the signal light.

For instance, the input power of the signal and pump light is keeping at 200.2
and 200.4 μW, respectively. When they are simultaneously sent to the PPLN
waveguide chip, the FWHM bandwidth and power of the created up-conversion
light can be measured. If pump light (or signal light) is sent to the PPLN waveguide
chip alone, the bandwidth and power of SHG of pump light (or signal light) can be
obtained. When the PPLN waveguide chip’s temperature is kept at 27°, as shown in
Figure 8(b), the FWHM bandwidth of the created up-conversion light is about
0.07 nm, centered at 775.78 nm. In this case, the power of up-conversion light is
20.9 μW (involving the SFG and SHG), which is obtained from SHG of signal light
(0.25 μW), SHG of pump light (0.01 μJ), and SFG of pump light and signal light
(20.54 μW). The maximum SFG efficiency of 5% is obtained, which is used for

Figure 8.
Pump and signal light spectrums (a), and the spectrums of up-converted light (SFG and SHG), SHG of signal
light, SHG of pump light (b) [6].
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The FBG can be used to produce the up-chirping and down-chirping, depending
on the choice of the side from which the laser pulse is reflected. As the two copies
of the laser pulses are from the same seed laser, they have the same initially center
frequency ω0. When two copies of the laser pulses with instantaneous frequencies
described as ω1 tð Þ ¼ ω0 þ At and ω2 tð Þ ¼ ω0 � At (where A is the linear chirp
parameter) undergo SFG, the frequency of the laser pulse generated is constant
ω1 tð Þ þ ω2 tð Þ ¼ 2ω0ð Þ; thus, the high frequency long narrowband laser pulse can
be realized.

Subsequently, the positively and negatively chirped coherent states are sent to
the PPLN waveguide chip by the fiber pigtail. The PPLN waveguide chip is a
reverse-proton-exchange waveguide that is QPM to perform the SFG process
1551 nm + 1551 nm ! 775.5 nm. The PPLN waveguide chip has a QPM period of
19.6 μm. Two SPBS (200:1) and two PCs are used for controlling the positively and
negatively chirped single-photon-level coherent states to the TM mode. A SSPD is
used to calibrate and monitor the counts of the positively and negatively chirped
single-photon-level photons, whose detection efficiency is up to 10% at 1551 nm
and dark count rate of 600 Hz. A stable TC is used to keep at 27° to maintain the
QPM condition of the SFG process. The long narrowed SFG photons of higher
frequency are generated after the IF, with 20 nm FWHM bandwidth and 780 nm
center wavelength (about 1.2 dB loss). Finally, the SFG photons are detected with a
SAPD. The SFG photons and the laser clock signal are recorded using a TDC.

We first measure the spectrums of the negatively chirped laser pulse (800� 20
GHz spectral FWHM bandwidth, and 1551.56 nm center wavelength) and the pos-
itively chirped laser pulse (790� 20 GHz FWHM, and 1551.56 nm center wave-
length) by using a spectrometer, which are shown in Figure 8(a). The pump light
(the negatively chirped laser pulse) and the signal light (the positively chirped laser
pulse) are simultaneously sent to the PPLN waveguide chip. By using an IF, the
generated SFG photons are sent into the spectrometer.

In our experiment, when the classical pump and signal laser pulses are coupled
into the PPLN waveguide chip, the up-converted photons consist of SHG of pump
light, SHG of signal light, and SFG of pump light and signal light. In our experi-
ment, up-converted photons cannot be filtered out separately; thus, the SFG

Figure 7.
Experimental set-up. ATT, variable optical attenuator; BS, beam splitter (50:50); Circulators, optical fiber
circulators; PC, polarization controller; FBG, fiber Bragg grating; Delay Fiber, optical adjustable delay fiber;
SPBS, single mode polarization beam splitter (single mode to polarization maintaining); SBS, single mode
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filter; SAPD, silicon APD [6].
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photons NSFG cannot be measured. First, the pump light is sent to the PPLN wave-
guide chip alone, and the number of SHG photonsN1 can be obtained. Similarly, the
number of SHG photons N2 of signal light is obtained when only the signal light is
sent to the PPLN waveguide chip alone. When we simultaneously couple the pump
and signal laser pulses together into the PPLN waveguide chip, we can obtain the
number of photons N0 of SFG and SHG. Therefore, the number of SFG photons is
obtained with the equation NSFG ¼ N0 �N1 �N2. For the SFG photons to be mea-
sured distinctly, any residue of pump and signal light has to be filtered out from up-
conversion photons in this work. Here, the efficiency of SFG is given by
ηSFG ¼ NSFG=NA, where NA is the number of photons per second of the signal light.

For instance, the input power of the signal and pump light is keeping at 200.2
and 200.4 μW, respectively. When they are simultaneously sent to the PPLN
waveguide chip, the FWHM bandwidth and power of the created up-conversion
light can be measured. If pump light (or signal light) is sent to the PPLN waveguide
chip alone, the bandwidth and power of SHG of pump light (or signal light) can be
obtained. When the PPLN waveguide chip’s temperature is kept at 27°, as shown in
Figure 8(b), the FWHM bandwidth of the created up-conversion light is about
0.07 nm, centered at 775.78 nm. In this case, the power of up-conversion light is
20.9 μW (involving the SFG and SHG), which is obtained from SHG of signal light
(0.25 μW), SHG of pump light (0.01 μJ), and SFG of pump light and signal light
(20.54 μW). The maximum SFG efficiency of 5% is obtained, which is used for

Figure 8.
Pump and signal light spectrums (a), and the spectrums of up-converted light (SFG and SHG), SHG of signal
light, SHG of pump light (b) [6].
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estimating the efficiency of SFG between two single-photon-level states in our
work. As shown in Figure 9, the efficiency of SFG depends on the PPLN waveguide
chip’s temperature. Correcting for all of these losses, the intrinsic device maximum
SFG efficiency of 20% is obtained, as expected.

When the number of photons per pulse of pump light and signal light is attenu-
ated to 5.13 and 5.64, respectively, the detected count of SHG of signal light (or
pump light) drop to 3.8 Hz (dark count). It can be shown that any photons detected
by the SPAD are the SFG photons when the signal and pump light are attenuated to
single-photon-per-pulse simultaneously. Therefore, photons of SHG of pump light
and signal light are not considered in our scheme.

In our experiment, the number of photons per pulse (equal for pump and signal)
are obtained with ATT1 and ATT2, as they can be detected and calibrated by the
SSPD. According to our experimental results, the SFG efficiency and SFG photons
are shown in Figure 10. Here, dark counts of 3.8 Hz and the total losses of about
5.6 dB have been taken into account.

The overall conversion efficiency of SFG is given by η0SFG ¼ ξ λð ÞhcΔνL2=λtbp,
where ξ λð Þ is the measured up-conversion efficiency of the PPLN waveguide chip, λ
is the center wavelength of pump light, tbp is the time-bandwidth product, Δν is the
bandwidth of pump light, and L is the length of the PPLN waveguide chip. Consider
that ξ λð Þ ¼ 5%= W � cm2ð Þ and tbp ¼ 0:4 in our experiment, thus the expected SFG
efficiency is η0SFG ≈ 1� 10�7. We measure the efficiency of
ηSFG ¼ 1:06� 0:23ð Þ � 10�7. It is shown that the SFG efficiency is high enough to
provide efficient, yet simpler solutions to linear optics based protocols for the
heralded creation of maximally entangled pairs or for the implementation of device-
independent quantum key distribution.

For SFG between two single photons, our efficiency of SFG is about eight times
of the efficiency of SFG given by Sangouard et al. [12]. When the single-photon-
level pump and signal light are not chirped in our experiment, the SFG photons are
zero. This is because the intensity of pump light (or signal light) at 1551.56 nm is
very low (see Figure 8(a)). However, when the negatively and positively chirped
pulses are simultaneously coupled into the PPLN waveguide chip, photons in all
spectrums of the negatively and positively chirped light are used to create the SFG
photons. Therefore, we can improve the efficiency of SFG between single photons
by using the chirped technology.

Figure 9.
SFG efficiency. The efficiency of SFG can be controlled by keeping the PPLN-WG chip’s temperature [6].
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2.3 Single-photon frequency conversion via cascaded quadratic nonlinear
processes

In quantum networks, many nodes are needed, which are used to perform
quantum information memory/processing tasks. Each node has the ability to gen-
erate quantum states and perform quantum Bell-state measurements. All nodes are
connected by using optical fibers. Frequency conversion has important applications
in fiber quantum networks, and frequency converters are set to light. At the inter-
mediate node of the fiber quantum network, the information transmission mode of
the corresponding wavelength is obtained, and the specific wavelength signal car-
rying the information is transferred to the other wavelength. The development of
this technology has greatly improved the transmission capacity of the optical net-
work and the flexibility of the entire network.

In addition to the frequency conversion between the communication band and
the visible band, single-photon frequency conversion between communication
bands, like classical fiber networks, has important applications in large-scale quan-
tum networks, as well as between independent sources of different users. Quantum
cryptic transmission or quantum key distribution also requires different wave-
lengths to be converted to coincidence before interference. Therefore, the single
photon frequency conversion interface between communication bands is critical in
quantum communication.

However, there are not many experiments to achieve single-photon frequency
conversion in the communication band. There are only two known solutions and
each of these experimental solutions has imperfections. The first solution is to
achieve high-precision frequency conversion by optical single sideband modulator
(OSSB). This method can eliminate the frequency distinguishability between dif-
ferent single photons, but the frequency conversion range that this scheme can
achieve covers only dozens. Gigahertz does not meet the requirements of commu-
nication networks. The second scheme is consistent with the four-wave mixing
principle of the classical light in the previous section. The third-order nonlinearity
of the optical fiber is used to realize the frequency conversion of the communication
band, but we know that the third-order nonlinear coefficient is much smaller than
2. The order nonlinear coefficient, thus one must use 750 m long fiber, which is very
unfavorable for device integration.

In order to make up for the shortcomings of the above two schemes, we use the
high second-order nonlinear coefficients of the PPLN waveguide and the wide-band

Figure 10.
SFG efficiency and SFG photons [6].
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2.3 Single-photon frequency conversion via cascaded quadratic nonlinear
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connected by using optical fibers. Frequency conversion has important applications
in fiber quantum networks, and frequency converters are set to light. At the inter-
mediate node of the fiber quantum network, the information transmission mode of
the corresponding wavelength is obtained, and the specific wavelength signal car-
rying the information is transferred to the other wavelength. The development of
this technology has greatly improved the transmission capacity of the optical net-
work and the flexibility of the entire network.

In addition to the frequency conversion between the communication band and
the visible band, single-photon frequency conversion between communication
bands, like classical fiber networks, has important applications in large-scale quan-
tum networks, as well as between independent sources of different users. Quantum
cryptic transmission or quantum key distribution also requires different wave-
lengths to be converted to coincidence before interference. Therefore, the single
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However, there are not many experiments to achieve single-photon frequency
conversion in the communication band. There are only two known solutions and
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band, but we know that the third-order nonlinear coefficient is much smaller than
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In order to make up for the shortcomings of the above two schemes, we use the
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type-0 quasi-phase matching to realize the single-photon frequency conversion
based on the cascaded second-order nonlinear process. In the experiment, we real-
ized the precise frequency conversion between DWDM channels through the cas-
cading process of SFG + DFG. At the same time, we also proved that the quantum
characteristics of single photons remain in this process. Our experiment is very
suitable for the construction of quantum networks.

The nonlinear process of frequency conversion of a single photon can be
described by the following effective Hamiltonian [13]:

Ĥ ¼ iℏ χ1EP1α̂sα̂
†
m þ χ2EP2α̂mα̂

†
t �H:c:

� �
, (3)

where α̂i a is the annihilation operator for the wave at frequency ωi, (i ¼ s; m; t is
signal, mediate, and target photons, respectively). χ1,2 are coupling constants that
are proportional to the second-order susceptibility χ 2ð Þ of the PPLN waveguide chip,
EP1 and EP2 are the electric field amplitudes of pump lasers, and H:c: is a Hermitian
conjugate. The conversion efficiency ηc can be obtained by using the Heisenberg
equation of motion, which is given by the following equation:

ηc Lð Þ ¼ η1η2PP1PP2 cos 2 φ1 � φ2ð Þ½ �j j
η1PP1 þ η2PP2ð Þ � 1� cos η1PP1 þ η2PP2½ � 1=2ð ÞL

n o2
, (4)

where φ1 and φ2 are the phases of the two pumps, respectively. η1 and η2 are the
efficiencies of the normalized power, and η1 ≈ η2 ¼ 1:1=W cm2. The efficiency of
single-photon frequency conversion is 100% if PP1 ¼ PP2 ¼ π2= 2η1L

2� �
.

It is very challenging for realizing simultaneous phase matching in our work.
However, this problem can be easily solved using QPM. In the experiment, we
realized the broadband single photon frequency conversion of the communication
band by the type-0 cascading SFG/DFG process. A 5-cm-long PPLN waveguide chip
is used, and its poling period is 19.0 μm. In addition, the cascaded χ 2ð Þ : χ 2ð Þ pro-
cesses give rise to a large effective third nonlinearity typically 104 � 105 times larger
than a pure χ 3ð Þ process, which manifests an advantage over its counterpart of
FWM, e.g., in fibers.

The experimental setup of the single-photon frequency conversion is shown in
Figure 11(a). The center wavelengths of the two auxiliary pumps P1 and P2 are
1547.72 nm (CH37) and 1544.53 nm (CH41), respectively. Both narrow-band con-
tinuous lasers increase power through an erbium-doped fiber amplifier (EDFA). A
set of DWDMs placed behind the EDFA, using 150 dB of isolation to filter out the
noise generated during the EDFA amplification process. Then, we use another set of
DWDMs to combine the three signals of signal single photon, P1 and P2 into one
beam and couple into the waveguide. The combined light undergoes a cascaded
nonlinear process SFG + DFG in the PPLN waveguide, converting the signal pho-
tons into target photons. At the output of the waveguide, we use a third set of
DWDMs to pick out the target photons, while using 180 dB of isolation to filter out
the noise generated during P1, P2, and conversion. In our experimental scheme,
frequency-adjustable single-photon frequency conversion can be achieved by
adjusting the wavelength of the auxiliary pump light.

For the performance of the converter, we tested the photon pair prepared by
SPDC instead of the weak coherent pulse. The photon pair preparation process is
shown in Figure 11(b). After a continuous laser with a center wavelength of
1555.8 nm is amplified by EDFA power, a continuous light of 777.9 nm is generated
by a frequency doubling process in a PPLN waveguide. The SPDC photon pair is
prepared by pumping the second waveguide with the frequency-doubled
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continuous light. WDM with an isolation of 180 dB is used to filter out noise.
Finally, the corresponding two channels in signal (1554.13 nm, CH29) and idler
(1557.36 nm, CH25) DWDM are separated.

First, we use classical light to test the conversion efficiency of tunable frequency
conversion. By changing the center wavelength of the auxiliary pump P2, we
achieved frequency conversion of the signal photon �12 DWDM channels. In the
classic light test, we set the signal power to 1 mW, and both P1 and P2 have a power
of 10 mW (because the PPLN waveguide is limited by thermal effects, the maxi-
mum total input power of the waveguide we use for conversion is around 20 mW).
We can get that the theoretical value is in good agreement with the experimental
value, and the conversion efficiency of �12CH is about 0.8%. In theory, the tunable
frequency conversion has a full width at half maximum of about 76 nm, which
covers the entire communication C-band.

In our experiment, the photon-pair generation rate is set to 0.002 per detection
gate. The maximum single-photon conversion efficiency in the experiment is that
when PP1 = PP2 = 10 mW, the maximum number of converted photons is
5:5� 104=s, and the conversion efficiency is calculated to be 0.55%. At the same
time, we measured that the noise generated by the frequency conversion process is
10�7/gate. When the incident power of both auxiliary pumps is 179.5 mW, 100%
conversion efficiency can be obtained. However, there are three main reasons for
the reduction in conversion efficiency in actual experiments. The first reason is that
the thermal effect of the PPLN waveguide limits the power of the incident light.
This limitation is also the most important cause of the drop in conversion efficiency.
We know that if a PPLN waveguide doped with MgO is used, the damage threshold
can be greatly improved without changing the scattering properties of its
refractive index, and it can withstand the total incident power of 360 mW. Another
reason is the phase difference between the two auxiliary pumps P1 and P2, and we
get the conversion efficiency proportional to φ1 � φ2j j. Since there is no synchro-
nous lock between the phase differences between P1 and P2 in our experiments,
φ1 � φ2j j is equal to 0.5 after averaging over time. This reason will directly lead to a
50% reduction in conversion efficiency. The last reason is also the problem that

Figure 11.
Experimental setup of (a) the single-photon frequency convertor, (b) photon-pairs preparation, (c)
Hong-Ou-Mandel interference, and (d) measurement of time-energy entanglement. DWDM, 100-GHz dense
wavelength-division multiplexing; CH25 and CH37 and CH41, DWDM channels with 100-GHz spacing
defined by ITU-TG.694.1; Filter, combination of DWDM and band pass filter (200–1540 and 1560–
1800 nm); PC, polarization controller; SPD, single-photon detector (quantum efficiencies, ηd ¼ 10:0� 0:2%;
repetition frequency of gate, f = 50 MHz; width of gate, 1 ns; dark count probability per nanosecond,
D ¼ 1� 10�6); EDFA, erbium-doped fiber amplifier; WDM, 780–1550-nm wavelength-division
multiplexing; TDC, time-to-digital convertor (coincidence time window, t = 1 ns); Delayer, fiber path-length
delayer; BS, 50:50 fiber beam splitter; MZI, 1-GHz unbalanced planar lightwave circuit Mach-Zehnder
interferometers [7].
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type-0 quasi-phase matching to realize the single-photon frequency conversion
based on the cascaded second-order nonlinear process. In the experiment, we real-
ized the precise frequency conversion between DWDM channels through the cas-
cading process of SFG + DFG. At the same time, we also proved that the quantum
characteristics of single photons remain in this process. Our experiment is very
suitable for the construction of quantum networks.

The nonlinear process of frequency conversion of a single photon can be
described by the following effective Hamiltonian [13]:

Ĥ ¼ iℏ χ1EP1α̂sα̂
†
m þ χ2EP2α̂mα̂
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where α̂i a is the annihilation operator for the wave at frequency ωi, (i ¼ s; m; t is
signal, mediate, and target photons, respectively). χ1,2 are coupling constants that
are proportional to the second-order susceptibility χ 2ð Þ of the PPLN waveguide chip,
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efficiencies of the normalized power, and η1 ≈ η2 ¼ 1:1=W cm2. The efficiency of
single-photon frequency conversion is 100% if PP1 ¼ PP2 ¼ π2= 2η1L
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However, this problem can be easily solved using QPM. In the experiment, we
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is used, and its poling period is 19.0 μm. In addition, the cascaded χ 2ð Þ : χ 2ð Þ pro-
cesses give rise to a large effective third nonlinearity typically 104 � 105 times larger
than a pure χ 3ð Þ process, which manifests an advantage over its counterpart of
FWM, e.g., in fibers.
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1547.72 nm (CH37) and 1544.53 nm (CH41), respectively. Both narrow-band con-
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noise generated during the EDFA amplification process. Then, we use another set of
DWDMs to combine the three signals of signal single photon, P1 and P2 into one
beam and couple into the waveguide. The combined light undergoes a cascaded
nonlinear process SFG + DFG in the PPLN waveguide, converting the signal pho-
tons into target photons. At the output of the waveguide, we use a third set of
DWDMs to pick out the target photons, while using 180 dB of isolation to filter out
the noise generated during P1, P2, and conversion. In our experimental scheme,
frequency-adjustable single-photon frequency conversion can be achieved by
adjusting the wavelength of the auxiliary pump light.

For the performance of the converter, we tested the photon pair prepared by
SPDC instead of the weak coherent pulse. The photon pair preparation process is
shown in Figure 11(b). After a continuous laser with a center wavelength of
1555.8 nm is amplified by EDFA power, a continuous light of 777.9 nm is generated
by a frequency doubling process in a PPLN waveguide. The SPDC photon pair is
prepared by pumping the second waveguide with the frequency-doubled
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continuous light. WDM with an isolation of 180 dB is used to filter out noise.
Finally, the corresponding two channels in signal (1554.13 nm, CH29) and idler
(1557.36 nm, CH25) DWDM are separated.

First, we use classical light to test the conversion efficiency of tunable frequency
conversion. By changing the center wavelength of the auxiliary pump P2, we
achieved frequency conversion of the signal photon �12 DWDM channels. In the
classic light test, we set the signal power to 1 mW, and both P1 and P2 have a power
of 10 mW (because the PPLN waveguide is limited by thermal effects, the maxi-
mum total input power of the waveguide we use for conversion is around 20 mW).
We can get that the theoretical value is in good agreement with the experimental
value, and the conversion efficiency of �12CH is about 0.8%. In theory, the tunable
frequency conversion has a full width at half maximum of about 76 nm, which
covers the entire communication C-band.

In our experiment, the photon-pair generation rate is set to 0.002 per detection
gate. The maximum single-photon conversion efficiency in the experiment is that
when PP1 = PP2 = 10 mW, the maximum number of converted photons is
5:5� 104=s, and the conversion efficiency is calculated to be 0.55%. At the same
time, we measured that the noise generated by the frequency conversion process is
10�7/gate. When the incident power of both auxiliary pumps is 179.5 mW, 100%
conversion efficiency can be obtained. However, there are three main reasons for
the reduction in conversion efficiency in actual experiments. The first reason is that
the thermal effect of the PPLN waveguide limits the power of the incident light.
This limitation is also the most important cause of the drop in conversion efficiency.
We know that if a PPLN waveguide doped with MgO is used, the damage threshold
can be greatly improved without changing the scattering properties of its
refractive index, and it can withstand the total incident power of 360 mW. Another
reason is the phase difference between the two auxiliary pumps P1 and P2, and we
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φ1 � φ2j j is equal to 0.5 after averaging over time. This reason will directly lead to a
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other frequency conversion methods will encounter, namely, the loss of fiber cou-
pling and the loss caused by the filter. In our experiment, the total propagation and
coupling loss in the PPLN waveguide and the filters is only 4.9 dB.

After measuring the maximum conversion efficiency experimentally, we mea-
sured the conversion accuracy of our single-photon frequency converter by HOM
interference. The experimental setup for HOM interference is shown in Figure 11(c)
[14], where i0 is the idler photon in the photon pair and s0 represents the converted
signal photon. We placed a fiber optic delay in the i-photon beam path (Delayer,
Delayer has an adjustment accuracy of 0.02 mm.), Delayer is used to change the
optical path difference δx between i and s0; placing polarization control in the s0

photon path (PC), PC is used to change the polarization of the s0 photon to match the
polarization of the i-photon, because the HOM interference visibility of the identical
particles is best. In our experiments, the ratio of BS transmittance to reflectance used
in our experiments was measured as T:R = 49.9:50.1. The single-photon detector used
in this experiment is still a pulse gate detection method, but the performance is
upgraded. The dark counts of both detectors are D ¼ 1� 10�6 per gate.

In HOM, we set the photon pair generation rate μ = 0.002 per gate; the single
photon conversion efficiency is set to the maximum conversion efficiency under the
constraint condition, i.e., 0.55%; and the measurement time of each data point is
1000 s. Under these conditions, the HOM interference curve we measured is shown
in Figure 12. The calculated HOM interference visibility of the converted photon
pair is 80:5� 3:5ð Þ%, and this contrast is much larger than the classical and non-
classical limit of 50%, which proves that our single photon converter does. We
further analyzed the HOM interference gram and found that the full width at half
maximum of the interference gram is 0.56 mm, and the corresponding time is
0.28 ps. Our theoretical full width at half maximum is about 0.50 mm; thus, the
theoretical and experimental results are more consistent.

In addition to the true conversion of this feature, another important feature of
single-photon frequency conversion is the preservation of quantum properties. As
with some previous quantum frequency converters, we demonstrate that the quan-
tum properties are not corrupted during the conversion process by measuring the
quantum state visibility of the photon pairs before and after the conversion. In our
experiments, the signal and idler photon pairs were prepared as time-energy
entangled photon pairs. The time-energy entanglement pair is generated by a

Figure 12.
Coincidence count as a function of the path-length change of one photon. The standard deviation is calculated
by assuming a Poisson distribution of photon counts. The dashed horizontal line at 50% is the dividing line
between the classical and nonclassical interference [7].
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continuous laser (cw-laser) pumping the PPLN waveguide through the SPDC pro-
cess [15]. Because the coherence time τ1 of cw-laser is extremely long, and the
bandwidth of the down-converted photon pair is much larger than the bandwidth
of the pump photon, that is, the coherence time τ2 between photon pairs is very
short.

To measure the characteristics of time-energy entanglement and to exploit this
entanglement, we use two unbalanced Mach-Zehnder interferometers (MZI) as
shown in Figure 11(d), connecting a single photon detector at the output of the
MZI, measuring two coincidence count at the output. We define the optical path
difference of the two paths of the MZI interferometer as τ3. It is assumed that when
τ1 ≥ τ3>τ2, the exit end of MZI does not have a single photon interference image,
and the image of two-photon interference can be observed by the coincidence
measurement.

The MZI used in our experiments is to change the phase difference between the
long and short arms by adjusting the temperature. The phase change of 2π corre-
sponds to a temperature change of 0.7°. The entangled interference image before
single-photon frequency conversion is shown in Figure 13. Because it is necessary to
observe the interference image under the two non-collinear base vectors, we can
prove that the two-photon is entangled, so we set the MZI temperature of the signal

Figure 13.
Two-photon interference pattern (a) before and (b) after the frequency conversion. T1 is the temperature of the
MZI in the signal channel, and T2 is the temperature in the idler channel. The integration time for each dot is
(a) 15 s and (b) 3000 s [7].
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other frequency conversion methods will encounter, namely, the loss of fiber cou-
pling and the loss caused by the filter. In our experiment, the total propagation and
coupling loss in the PPLN waveguide and the filters is only 4.9 dB.

After measuring the maximum conversion efficiency experimentally, we mea-
sured the conversion accuracy of our single-photon frequency converter by HOM
interference. The experimental setup for HOM interference is shown in Figure 11(c)
[14], where i0 is the idler photon in the photon pair and s0 represents the converted
signal photon. We placed a fiber optic delay in the i-photon beam path (Delayer,
Delayer has an adjustment accuracy of 0.02 mm.), Delayer is used to change the
optical path difference δx between i and s0; placing polarization control in the s0

photon path (PC), PC is used to change the polarization of the s0 photon to match the
polarization of the i-photon, because the HOM interference visibility of the identical
particles is best. In our experiments, the ratio of BS transmittance to reflectance used
in our experiments was measured as T:R = 49.9:50.1. The single-photon detector used
in this experiment is still a pulse gate detection method, but the performance is
upgraded. The dark counts of both detectors are D ¼ 1� 10�6 per gate.

In HOM, we set the photon pair generation rate μ = 0.002 per gate; the single
photon conversion efficiency is set to the maximum conversion efficiency under the
constraint condition, i.e., 0.55%; and the measurement time of each data point is
1000 s. Under these conditions, the HOM interference curve we measured is shown
in Figure 12. The calculated HOM interference visibility of the converted photon
pair is 80:5� 3:5ð Þ%, and this contrast is much larger than the classical and non-
classical limit of 50%, which proves that our single photon converter does. We
further analyzed the HOM interference gram and found that the full width at half
maximum of the interference gram is 0.56 mm, and the corresponding time is
0.28 ps. Our theoretical full width at half maximum is about 0.50 mm; thus, the
theoretical and experimental results are more consistent.

In addition to the true conversion of this feature, another important feature of
single-photon frequency conversion is the preservation of quantum properties. As
with some previous quantum frequency converters, we demonstrate that the quan-
tum properties are not corrupted during the conversion process by measuring the
quantum state visibility of the photon pairs before and after the conversion. In our
experiments, the signal and idler photon pairs were prepared as time-energy
entangled photon pairs. The time-energy entanglement pair is generated by a

Figure 12.
Coincidence count as a function of the path-length change of one photon. The standard deviation is calculated
by assuming a Poisson distribution of photon counts. The dashed horizontal line at 50% is the dividing line
between the classical and nonclassical interference [7].
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continuous laser (cw-laser) pumping the PPLN waveguide through the SPDC pro-
cess [15]. Because the coherence time τ1 of cw-laser is extremely long, and the
bandwidth of the down-converted photon pair is much larger than the bandwidth
of the pump photon, that is, the coherence time τ2 between photon pairs is very
short.

To measure the characteristics of time-energy entanglement and to exploit this
entanglement, we use two unbalanced Mach-Zehnder interferometers (MZI) as
shown in Figure 11(d), connecting a single photon detector at the output of the
MZI, measuring two coincidence count at the output. We define the optical path
difference of the two paths of the MZI interferometer as τ3. It is assumed that when
τ1 ≥ τ3>τ2, the exit end of MZI does not have a single photon interference image,
and the image of two-photon interference can be observed by the coincidence
measurement.

The MZI used in our experiments is to change the phase difference between the
long and short arms by adjusting the temperature. The phase change of 2π corre-
sponds to a temperature change of 0.7°. The entangled interference image before
single-photon frequency conversion is shown in Figure 13. Because it is necessary to
observe the interference image under the two non-collinear base vectors, we can
prove that the two-photon is entangled, so we set the MZI temperature of the signal

Figure 13.
Two-photon interference pattern (a) before and (b) after the frequency conversion. T1 is the temperature of the
MZI in the signal channel, and T2 is the temperature in the idler channel. The integration time for each dot is
(a) 15 s and (b) 3000 s [7].
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channel to 23.0 and 24.0°, respectively. The collinear base vector is measured. From
Figure 13(a), we calculated the average pre-conversion entanglement visibility as
V ¼ 93:8� 1:6ð Þ%.

After the single photon frequency conversion, we again measure the entangle-
ment visibility of the converted photon pair, as shown in Figure 13(b). It is calcu-
lated that the converted entanglement visibility is V ¼ 88:2� 5:1ð Þ%, and this
visibility can still break the 71% visibility of Bell’s inequality. Therefore, the 88.2%
visibility after conversion proves that our single-photon frequency converter main-
tains the quantum properties of photons with a theoretical visibility of 91%. Since
the converted count efficiency is low, the measurement time is extended from 15 s
before conversion to 1000 s. The result convincingly shows that quantum entan-
glement is well preserved during the frequency conversion. Thus, the photon
pairs can still be used for quantum communication tasks. We expect that our
scheme may have applications in quantum systems, such as quantum
communication on multiuser fiber quantum networks and quantum cryptography
with independent single photon sources.

3. Conclusion

We have demonstrated three kinds of quantum interfaces with different func-
tions. First, we have experimentally demonstrated that the spectrum of single-
photon-level laser pulse was compressed by a factor of 58 in a PPLN waveguide
chip, where a chirped single-photon-level laser pulse and an antichirped laser pulse
by fiber Bragg gratings are used to achieve a pulse with new frequency through
SFG. Our results have demonstrated the potentially application for PPLN wave-
guide chip as an integrated platform for spectrum compressing and frequency
conversing in the telecom band, such as coherent photonic interfaces between
quantum communication at 1550 nm and quantum memory in the near-visible
window. Second, we have realized high efficiency SFG between two broadband
single-photon-level coherent states by using a high-efficiency PPLN waveguide
chip. The result is already competitive with methods based on linear optics, and
offers new possibilities such as heralding entanglement at a distance. This technique
in our proposal marks a critical step toward the implementation of DI-QKD. Final,
we have demonstrated single-photon frequency conversion using a cascaded qua-
dratic nonlinearity in PPLN waveguides chip. The clear HOM dip observed in our
experiment shows that the frequency has been precisely switched between DWDM
channels. Moreover, the time-energy entanglement is well preserved during the
frequency conversion. All works above are of great significance to the development
of quantum optics.
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Chapter 5

Optical Chirality and
Single-Photon Isolation
Lei Tang and Keyu Xia

Abstract

Optical isolation is important for protecting a laser from damage due to the
detrimental back reflection of light. It typically relies on breaking Lorentz reciproc-
ity and normally is achieved via the Faraday magneto-optical effect, requiring a
strong external magnetic field. Single-photon isolation, the quantum counterpart of
optical isolation, is the key functional component in quantum information
processing, but its realization is challenging. In this chapter, we present all-optical
schemes for isolating the backscattering from single photons. In the first scheme,
we show the single-photon isolation can be realized by using a chiral quantum
optical system, in which a quantum emitter asymmetrically couples to
nanowaveguide modes or whispering-gallery modes with high optical chirality.
Secondly, we propose a chiral optical Kerr nonlinearity to bypass the so-called
dynamical reciprocity in nonlinear optics and then achieve room-temperature pho-
ton isolation with low insertion loss. The concepts we present may pave the way for
quantum information processing in an unconventional way.

Keywords: single-photon isolation, optical chirality, chiral light-matter interaction,
optical isolator, optical circulator, chiral Kerr nonlinearity

1. Introduction

Controlling the flow of light is extremely essential for quantum information
processing in integrated optical circuits. Nonreciprocal propagation of light at the
single-photon level is in great demand for applications in quantum networks [1, 2],
quantum computing [3], quantum entanglement [4], and quantum measurement
[5]. For this purpose, nonreciprocal photonic elements, such as optical isolators and
circulators, processing and routing of photonic signals at ultralow light level, or
single-photon level in integrated optical circuits has been attracting a lot of interest.

The conventional implementations of nonreciprocal optical devices are achieved
by using the Faraday magneto-optical effect. However, such Faraday-effect-based
devices suffer large optical losses and conflict with miniaturization and integration.
To date, integrated nonreciprocal photonic elements have been demonstrated via
magneto-optical effect [6, 7], optical nonlinearity [8–10], and opto-mechanical
system [11–13]. Very recently, Dong et al. proposed and experimentally realized a
scheme to achieve a true single-photon non-reciprocity in a cold atomic ensemble
[14]. However, most of these devices cannot achieve high isolations, low losses, and
compatibility with single-photon level at the same time.
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Nanophotonic devices control and confine the flow of light at a subwavelength
scale. The strong confinement in these structures yields optical chirality, which is an
inherent link between local polarization and the propagating direction of light [15].
If quantum emitters are embedded in these structures, chiral light-matter interac-
tion is obtained, leading to propagation-direction-dependent emission, absorption,
and scattering of photons. As a result, chiral light-matter interaction can be used to
break time symmetry and achieve on-chip single-photon isolation. Some feasible
schemes based on chiral quantum optics have been proposed to realize non-
reciprocity at the single-photon level [16, 17], and optical isolators and circulators
have been experimentally demonstrated in full quantum regime [18, 19].

Besides strong confinement of light, atoms can induce optical chirality. Here,
optical chirality is chiral cross-Kerr (XKerr) nonlinearity induced in atoms. As a
result of the chirality of atomic nonlinearity, the phases and transmission ampli-
tudes of the forward- and backward-moving probe fields are sufficiently different
after passing through atoms in two opposite directions. Thus, chiral XKerr
nonlinear can achieve chip-compatible optical isolation with high isolation and low
insert losses [20]. And very recently, XKerr-based optical isolators and circulators
for high isolation, low loss, and an ultralow probe field at room temperature have
been experimentally demonstrated [21].

2. Optical chirality and chiral light-matter interaction

The strong light confinement in subwavelength structures, e.g., nanofibers,
nanowaveguides, or whispering-gallery mode (WGM) microresonators, can lock the
local polarization of the light to its propagation direction. In these structures, the light
is strongly confined transversely, leading to a longitudinal component of the electric
field (e-field), which is parallel with the propagation direction. The longitudinal and
transverse components, denoted as E∥ and E⊥, respectively, are comparable, and the
former oscillates �π=2 radians out of phase with respect to the latter, with the � sign
depending on the propagation direction of the light (forward or backward) [15]:

Elocal ¼ E⊥ � iE∥ : (1)

As a consequence, the local polarization of the light is elliptical, yielding a
transverse spin angular momentum component, whose e-field rotates around an
axis perpendicular to the propagation direction. The transverse spin components
flip sign when the propagation of light reverses. This correlation of the polarization
and the propagation direction is named the spin-momentum locking (SML) [15].
For the ideal case, ∣E⊥∣ ¼ ∣E∥∣, the e-field is circularly polarized.

In order to characterize what degree the e-field is locked to the momentum or
what percentage of circular polarization of the local light in the nanostructures, the
circular polarization unit vectors are defined as

σ̂� ¼ x̂� iŷffiffiffi
2

p , (2)

where σ̂ is for the right circularly polarized unit vector and σ̂� for the left
circularly polarized one and x̂ and ŷ are unit vectors along the x and y directions.
Thus, the optical chirality (OC) of an e-field is defined as [17, 22]:

C ¼ E rð Þ � σ̂�j j2 � E rð Þ � σ̂þj j2
E rð Þj j2 : (3)
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Obviously, the OC is limited to a region from �1 to 1. Note that the value C ¼
1 �1ð Þ implies the e-field is entirely σ�-(σþ-) polarized, while C ¼ 0 corresponds to a
linear polarization. The intensity difference between the right circularly (σþ) and
the left circularly (σ�) polarized components at the position r is calculated by D ¼
E rð Þ � σ̂�j j2 � E rð Þ � σ̂þj j2.

Then we focus on the interaction between the light possessing photonic SML and
chiral quantum emitters with polarization-dependent dipole transitions. If a pair of
counter-propagating spin-momentum-locked light interacts with quantum emit-
ters, the interaction becomes chiral. In other words, the interaction strength for
forward- and backward-propagating light modes is different. In this case, photon
emission, absorption, and scattering become unidirectional. As a result, optical
nonreciprocal flow of light can be achieved when a quantum emitter with degener-
ate transitions is populated in a specific spin state or one can shift the transition
energy to make it couple (decouple) with one of the two of counter-propagating
modes. On the basis of these effects, optical isolation can be realized at the single-
photon level, which enables nonreciprocal single-photon devices, e.g., single-
photon isolator and circulator. Next, we introduce the realization of single-photon
isolators and circulators based on chiral light-matter interaction.

3. Single-photon isolation using chiral light-matter interaction

A single-photon isolator and circulator can be achieved by chirally coupling a
quantum emitter to a passive, linear nanophotonic waveguide or a WGM
microresonator which possesses optical chirality.

3.1 Single-photon isolator based on a nanophotonic waveguide

The type-I single-photon isolator is based on a line defect photonic crystal
waveguide [16]. By carefully engineering the photonic crystal waveguide, it can
have an in-plane circular polarization, and counter-propagating modes are counter
circulating [22]. A quantum emitter is doped at the position where the waveguide
possesses only the right-propagating σþ-polarized light or left-propagating σ�-
polarized light, as shown in Figure 1a. The doped emitter strongly interacts with the
σþ-polarized light but weakly couples to the σ�-polarized light. As a result, the
time-reverse symmetry of the waveguide-emitter system breaks. The emitter scat-
ters the forward- (right-) propagating single photons into an open environment
whereas behaves transparently for the backward- (left-) propagating photons.

The steady-state transmission for the two atomic transitions coupling with
waveguide is calculated by using the photon transport method [16, 23, 24]

t� ωð Þ ¼ ω� ωq � i γ� � Γ�ð Þ
ω� ωq þ i γ� � Γ�ð Þ , (4)

where ω is the frequency of the input photon and ωq is the frequency of the
atomic transition. The detuning is defined as Δ ¼ ωq � ω. In Γ� ¼ V2

�=2vg, V� is the
coupling strength between the atom and the field in the waveguide, which is propor-
tional to the atomic dipole moments μ�, and vg is the group velocity of the photon in
the waveguide. A Cs atom is used as the quantum emitter so that μþ ¼ ffiffiffiffiffi

45
p

μ�, and γ�,
Γ� ∝ μ�j j2. As a consequence, γþ=γ� ¼ Γþ=Γ� ≫ 1. The transmission is defined as
T� ¼ t�j j2. The isolation contrast is evaluated as ϒ ¼ Tþ � T�ð Þ= Tþ þ T�ð Þ [23].
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The strong light confinement in subwavelength structures, e.g., nanofibers,
nanowaveguides, or whispering-gallery mode (WGM) microresonators, can lock the
local polarization of the light to its propagation direction. In these structures, the light
is strongly confined transversely, leading to a longitudinal component of the electric
field (e-field), which is parallel with the propagation direction. The longitudinal and
transverse components, denoted as E∥ and E⊥, respectively, are comparable, and the
former oscillates �π=2 radians out of phase with respect to the latter, with the � sign
depending on the propagation direction of the light (forward or backward) [15]:

Elocal ¼ E⊥ � iE∥ : (1)

As a consequence, the local polarization of the light is elliptical, yielding a
transverse spin angular momentum component, whose e-field rotates around an
axis perpendicular to the propagation direction. The transverse spin components
flip sign when the propagation of light reverses. This correlation of the polarization
and the propagation direction is named the spin-momentum locking (SML) [15].
For the ideal case, ∣E⊥∣ ¼ ∣E∥∣, the e-field is circularly polarized.

In order to characterize what degree the e-field is locked to the momentum or
what percentage of circular polarization of the local light in the nanostructures, the
circular polarization unit vectors are defined as

σ̂� ¼ x̂� iŷffiffiffi
2

p , (2)

where σ̂ is for the right circularly polarized unit vector and σ̂� for the left
circularly polarized one and x̂ and ŷ are unit vectors along the x and y directions.
Thus, the optical chirality (OC) of an e-field is defined as [17, 22]:

C ¼ E rð Þ � σ̂�j j2 � E rð Þ � σ̂þj j2
E rð Þj j2 : (3)
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Obviously, the OC is limited to a region from �1 to 1. Note that the value C ¼
1 �1ð Þ implies the e-field is entirely σ�-(σþ-) polarized, while C ¼ 0 corresponds to a
linear polarization. The intensity difference between the right circularly (σþ) and
the left circularly (σ�) polarized components at the position r is calculated by D ¼
E rð Þ � σ̂�j j2 � E rð Þ � σ̂þj j2.

Then we focus on the interaction between the light possessing photonic SML and
chiral quantum emitters with polarization-dependent dipole transitions. If a pair of
counter-propagating spin-momentum-locked light interacts with quantum emit-
ters, the interaction becomes chiral. In other words, the interaction strength for
forward- and backward-propagating light modes is different. In this case, photon
emission, absorption, and scattering become unidirectional. As a result, optical
nonreciprocal flow of light can be achieved when a quantum emitter with degener-
ate transitions is populated in a specific spin state or one can shift the transition
energy to make it couple (decouple) with one of the two of counter-propagating
modes. On the basis of these effects, optical isolation can be realized at the single-
photon level, which enables nonreciprocal single-photon devices, e.g., single-
photon isolator and circulator. Next, we introduce the realization of single-photon
isolators and circulators based on chiral light-matter interaction.

3. Single-photon isolation using chiral light-matter interaction

A single-photon isolator and circulator can be achieved by chirally coupling a
quantum emitter to a passive, linear nanophotonic waveguide or a WGM
microresonator which possesses optical chirality.

3.1 Single-photon isolator based on a nanophotonic waveguide

The type-I single-photon isolator is based on a line defect photonic crystal
waveguide [16]. By carefully engineering the photonic crystal waveguide, it can
have an in-plane circular polarization, and counter-propagating modes are counter
circulating [22]. A quantum emitter is doped at the position where the waveguide
possesses only the right-propagating σþ-polarized light or left-propagating σ�-
polarized light, as shown in Figure 1a. The doped emitter strongly interacts with the
σþ-polarized light but weakly couples to the σ�-polarized light. As a result, the
time-reverse symmetry of the waveguide-emitter system breaks. The emitter scat-
ters the forward- (right-) propagating single photons into an open environment
whereas behaves transparently for the backward- (left-) propagating photons.

The steady-state transmission for the two atomic transitions coupling with
waveguide is calculated by using the photon transport method [16, 23, 24]

t� ωð Þ ¼ ω� ωq � i γ� � Γ�ð Þ
ω� ωq þ i γ� � Γ�ð Þ , (4)

where ω is the frequency of the input photon and ωq is the frequency of the
atomic transition. The detuning is defined as Δ ¼ ωq � ω. In Γ� ¼ V2

�=2vg, V� is the
coupling strength between the atom and the field in the waveguide, which is propor-
tional to the atomic dipole moments μ�, and vg is the group velocity of the photon in
the waveguide. A Cs atom is used as the quantum emitter so that μþ ¼ ffiffiffiffiffi

45
p

μ�, and γ�,
Γ� ∝ μ�j j2. As a consequence, γþ=γ� ¼ Γþ=Γ� ≫ 1. The transmission is defined as
T� ¼ t�j j2. The isolation contrast is evaluated as ϒ ¼ Tþ � T�ð Þ= Tþ þ T�ð Þ [23].
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Due to the coupling of the atom to the waveguide and open environment, the
ratio of atomic dissipation rate is set to α ¼ Γþ=γþ ¼ Γ�=γ�. If α≈ 1, the single-
photon isolation is achieved, as shown in Figure 2a. Obviously, T� is almost equal
to unity for a right-hand input, while Tþ is small if 10⩽ ∣Δ∣=γ� ⩽ 30. Note that the
transmissions are the same, � 0 at Δ ¼ 0 for both of the right-handed and left-
handed inputs. At vanishing detuning, irrespective of the propagating direction,
photons cannot be transmitted through the waveguide. However, the linewidths of
the dips for the left-handed input (blue solid line) are much broader than those for
the right-handed input (red dashed line). Because of this directionality-dependent
linewidth, a single-photon wave packet with a duration Γ�1

þ ≪ τ≪Γ�1
� when inci-

dent from the right is mostly transmitted through the waveguide, while when it is
incident from the left, it is mostly scattered away to the open environment. Note
that the performance of the single-photon isolation is dependent on the ratio α. As
seen from Figure 2b, a good nonreciprocal behavior occurs only around the critical
coupling α≈ 1, and if 5α⩽ ∣Δ∣=γ� ⩽ 10α and 0:53< α< 1:8, the isolation contrast ϒ
can be larger than 0.8.

Low-loss silica nanophotonic waveguides with a strongly nonreciprocal trans-
mission controlled by the internal state of spin-polarized atoms have been

Figure 1.
Schematics of the single-photon isolators. (a) Single-photon isolator based on a photonic crystal waveguide
asymmetrically coupling with a quantum emitter. The waveguide possesses local circular polarization, and its
rotating direction is dependent on the propagating direction [16]. The quantum emitter is doped in these specific
sites. (b) Single-photon isolator based on a photonic nanofiber asymmetrically coupling with quantum emitters.
The nanofiber is realized as the waist of a tapered silica fiber, whose evanescent fields exhibit propagation-
direction-dependent circular polarization [18]. Quantum emitters are located in the vicinity of the nanofiber.
(c) Energy-level diagram for a quantum emitter with unbalanced decay rates γþ ≫ γ� and different coupling
strengths with σ�-polarized light gþ ≫ g�. The states ∣e�1i and ∣gi correspond to excited states and a ground state,
respectively, and the transition ∣gi $ ∣eþ1i is driven by σþ-polarized light, while ∣gi $ ∣e�1i transition is driven
by σ�-polarized light. Here, quantum emitters can be Cs atoms [25], Rb atoms [26], or quantum dots [27].

Figure 2.
(a) Steady-state transmission as a function of Δ for α ¼ 1. Solid blue curve is for transmission Tþ, and dashed
red curve is for transmission T�. (b) Isolation contrast as a function of α. Solid blue curve indicates ϒ for
∣Δ∣=γ� ¼ 10α and dashed red curve for ∣Δ∣=γ� ¼ 5α. The two curves are mostly overlapped. Figures are
reproduced with permission from [16].
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demonstrated [18]. In the experiment, an ensemble of individual cesium atoms is
located in the vicinity of a subwavelength-diameter silica nanofiber (250-nm
radius) trapped in a nanofiber-based two-color optical dipole trap [28]. As shown
in Figure 1b, a quasilinearly polarized light incident to the nanofiber exhibits
chiral character at the position of the atoms: when the evanescent field propa-
gates in the forward direction, it is almost fully σþ-polarized, while it is almost
fully σ�-polarized if it propagates in the backward direction [18]. The experi-
mental results show that the probe light with a power of 0.8 pW, corresponding
to about 0.1 photon per excited-state lifetime, incident into nanofiber from dif-
ferent port obtains nonreciprocal transmissions, Tþ ¼ 0:13� 0:01 and T� ¼
0:78� 0:02, yielding an isolation F ¼ 10∣ log T�=Tþð Þ∣ ¼ 7:8 dB [18]. Further-
more, trapping more atoms in the vicinity of the nanofiber can increase the
isolation [18].

3.2 Single-photon isolator and circulator based on a WGM microresonator

The type-II single-photon isolator is based on a WGM microresonator. In this
setup, when the linear polarized light enters the bus-waveguide from port P1, it
excites a σþ-polarized counterclockwise (CCW) mode, while when it is incident
from port P2, it drives σ�-polarized clockwise (CW) mode [16]. As a result, the two
counter-propagating modes in the WGM microresonator couple to a quantum
emitter with different dipole moments μþ and μ� corresponding to coupling
strength gþ and g�.

The transmission into the bus and drop waveguides are calculated by [16].

t�,B ωð Þ ¼ 1þ 2iκex1

ωc � ω� iκ � g�j j2
ωq�ω�iγ�

, (5)

t�,D ωð Þ ¼ 2i
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
κex1κex2

p

ωc � ω� iκ � g�j j2
ωq�ω�iγ�

: (6)

where κex1 2ð Þ ¼ V2
1 2ð Þ=2vg is the decay rate of the resonator due to the external

coupling V1 2ð Þ to the bus (drop) waveguide, and the photons in both of the bus and
drop waveguides have the same group velocity vg assumed. The total decay rate of
the resonator is κ ¼ κi þ κex1 þ κex2 where κi is the intrinsic decay rate of the
resonator. The detuning is defined as Δ ¼ ωc � ω, and ωc ¼ ωq is assumed where ωc

is the resonating frequency of the resonator and ωq is the transition frequency of the
quantum emitter.

In the configuration of this device, if the drop waveguide is removed, i.e.,
κex2 ¼ 0, single-photon isolator is achieved (see Figure 3). In this case, T�,B is
substituted with T�. As shown in Figure 4, if g� ¼ 0 and gþ ≫ κi, at Δ ¼ 0, Tþ ¼ 1,
while T� ≈0. This can be achieved by using a negatively charged quantum dot as
the quantum emitter [27]. If ∣g�∣>0 and Δ≈0, the nonreciprocal window disap-
pears. However, when ∣Δ∣ ≈ ∣g�∣, γþ ¼ 0, and gþ=κi ≫ 1, the right-moving photon
can pass through the device, corresponding to Tþ ¼ 1 (solid blue curve), while the
left-moving photon decays into the environment via the resonator, corresponding
to T� ¼ 0 (solid red curve). At ∣Δ∣ ≈ ∣gþ∣, the optical nonreciprocity is reversed. The
device is transparent for left-moving photon but blocks the right-moving photon.
If γþ ≫ κi, the part of the excitation of the right-moving photon can pass through
the device (dotted green curve).
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demonstrated [18]. In the experiment, an ensemble of individual cesium atoms is
located in the vicinity of a subwavelength-diameter silica nanofiber (250-nm
radius) trapped in a nanofiber-based two-color optical dipole trap [28]. As shown
in Figure 1b, a quasilinearly polarized light incident to the nanofiber exhibits
chiral character at the position of the atoms: when the evanescent field propa-
gates in the forward direction, it is almost fully σþ-polarized, while it is almost
fully σ�-polarized if it propagates in the backward direction [18]. The experi-
mental results show that the probe light with a power of 0.8 pW, corresponding
to about 0.1 photon per excited-state lifetime, incident into nanofiber from dif-
ferent port obtains nonreciprocal transmissions, Tþ ¼ 0:13� 0:01 and T� ¼
0:78� 0:02, yielding an isolation F ¼ 10∣ log T�=Tþð Þ∣ ¼ 7:8 dB [18]. Further-
more, trapping more atoms in the vicinity of the nanofiber can increase the
isolation [18].

3.2 Single-photon isolator and circulator based on a WGM microresonator

The type-II single-photon isolator is based on a WGM microresonator. In this
setup, when the linear polarized light enters the bus-waveguide from port P1, it
excites a σþ-polarized counterclockwise (CCW) mode, while when it is incident
from port P2, it drives σ�-polarized clockwise (CW) mode [16]. As a result, the two
counter-propagating modes in the WGM microresonator couple to a quantum
emitter with different dipole moments μþ and μ� corresponding to coupling
strength gþ and g�.

The transmission into the bus and drop waveguides are calculated by [16].

t�,B ωð Þ ¼ 1þ 2iκex1

ωc � ω� iκ � g�j j2
ωq�ω�iγ�

, (5)

t�,D ωð Þ ¼ 2i
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
κex1κex2

p

ωc � ω� iκ � g�j j2
ωq�ω�iγ�

: (6)

where κex1 2ð Þ ¼ V2
1 2ð Þ=2vg is the decay rate of the resonator due to the external

coupling V1 2ð Þ to the bus (drop) waveguide, and the photons in both of the bus and
drop waveguides have the same group velocity vg assumed. The total decay rate of
the resonator is κ ¼ κi þ κex1 þ κex2 where κi is the intrinsic decay rate of the
resonator. The detuning is defined as Δ ¼ ωc � ω, and ωc ¼ ωq is assumed where ωc

is the resonating frequency of the resonator and ωq is the transition frequency of the
quantum emitter.

In the configuration of this device, if the drop waveguide is removed, i.e.,
κex2 ¼ 0, single-photon isolator is achieved (see Figure 3). In this case, T�,B is
substituted with T�. As shown in Figure 4, if g� ¼ 0 and gþ ≫ κi, at Δ ¼ 0, Tþ ¼ 1,
while T� ≈0. This can be achieved by using a negatively charged quantum dot as
the quantum emitter [27]. If ∣g�∣>0 and Δ≈0, the nonreciprocal window disap-
pears. However, when ∣Δ∣ ≈ ∣g�∣, γþ ¼ 0, and gþ=κi ≫ 1, the right-moving photon
can pass through the device, corresponding to Tþ ¼ 1 (solid blue curve), while the
left-moving photon decays into the environment via the resonator, corresponding
to T� ¼ 0 (solid red curve). At ∣Δ∣ ≈ ∣gþ∣, the optical nonreciprocity is reversed. The
device is transparent for left-moving photon but blocks the right-moving photon.
If γþ ≫ κi, the part of the excitation of the right-moving photon can pass through
the device (dotted green curve).
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A WGM bottle microresonator coupling to the optical fiber and a single 85Rb
atom to realize the type-II optical isolator has been demonstrated [18]. In the
experiment, for the bottle microresonator, it sustains WGMs with ultrahigh quality
factor and small mode volume [26]. As a result of strong transverse confined, its
evanescent fields of WGMs are almost fully circularly polarized, with OC C>0:96
[26]. The single 85Rb atom is prepared in the outermostmF ¼ 3 Zeeman substrate of
the F ¼ 3 hyperfine ground state. As seen from Figure 1c, the states ∣eþ1i and ∣e�1i
correspond to the excited states ∣F0 ¼ 4,mF0 ¼ þ4i and ∣F0 ¼ 4,mF0 ¼ þ2i, respec-
tively. In the experiment, the transition ∣gi ! ∣eþ1i is much stronger than the ∣gi !
∣e�1i transition, corresponding to the coupling strength, gþ and g�, between the
atom and the two counterrotating WGMs, yielding gþ=g� ¼ 5:8 [18]. The experi-
mental results show that when the probe light with power of 3 pW, corresponding

Figure 3.
Schematic of the single-photon isolator or circulator. There is a quantum emitter doped in a WGM
microresonator, which possesses a σþ-polarized CCW mode and a σ�-polarized CW mode. The microresonator
couples to a lower bus waveguide with a rate κex1 and a upper drop waveguide with a rate κex2. Reproduced
with permission from [16].

Figure 4.
Steady-state transmissions of the single-photon isolator using a WGM microresonator in the absence of the drop
waveguide, i.e., κex2 ¼ 0, and under the critical coupling condition κex1 ¼ κi. Dashed and solid curves are for
the transmission T� when g� ¼ 0 and g� ¼ gþ=

ffiffiffiffiffiffi
45

p
, while solid blue and dotted green curves are for the

transmission Tþ when γþ ¼ 0 and γþ ¼ 3κi, respectively. gþ ¼ 10κi. Reproduced with permission from [16].
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to about 0.2 photon per resonator lifetime, obtains nonreciprocal transmissions
through the system of Tþ ¼ 0:72� 0:02 in the forward direction and T� ¼
0:03� 0:01 in the backward direction, yielding an isolation F ¼ 13 dB.

The single-photon circulator consists of two waveguides and a WGM
microresonator, and both of the bus and drop waveguides overcouple to the reso-
nator, i.e., κex1 ¼ κex2 ¼ 3κi (see Figure 3). As seen from Figure 5a, at Δ � 0, for
port P1 input αin, most excitation of the photon can transport to the bus-waveguide
port P2, Tþ,B ¼ 0:85 (solid blue curve), while the output to the drop-waveguide
port P4 is vanishingly small (dashed blue curve). As for port P2 input βin, there is a
dip (peak) in the transmission T�,D (T�,B), but the linewidth is very small, � 0:16κi,
as shown in Figure 5a. In contrast, the whole transmission spectrum has a linewidth
of 11κi. As a result, a single-photon pulse bandwidth 0:16κi ≪ΔB≪ 11κi can transport
to the drop-waveguide port P3 with a probability of 0:74. The probability of trans-
mitting to the bus-waveguide port P1 is small, � 0:02, yielding a contrast 0:95. The
numerical simulations of the propagation of a single-photon pulse are performed in
[16], which match the analytic forms well (see gray curves in Figure 5a). If ∣Δ∣ � g�,
Tþ,B ¼ 0:835 to the P2, Tþ,D ¼ 0:032 to P4, and T�,B ¼ 0:021 to the P1, T�,D ¼ 0:733
to P3. As a consequence, the device forms a P1 ! P2 ! P3 circulator. The single-
photon incident from port P1 transmits to port P2, but the photon entering port P2
comes out from port P3.

If Δ � 0, the numerical simulations of the propagation of a single-photon pulse
in time as it passed through the circulator are performed in [16]. Figure 5b shows
Gaussian pulse wave packets, ϕ x, 0ð Þ�,B ¼

ffiffiffiffiffiffiffiffiffi
τ2=π4

p
e� x�x0ð Þ2=2τ2 , incident from port P1

and P2 at the same time td. The transmissions are calculated by T�,B=D ¼Ðþ∞
�∞ ϕ ∗

�,B=D x, tdð Þϕ x, tdð Þdx to be Tþ,B,T�,B,Tþ,D,T�,Df g ¼ 0:9, 0:178, 0:02, 0:675f g
excitations output to port P2,P1,P4,P3f g. Obviously, a three-port circulator at the
single-photon level is achieved.

Note that if the states are initially populated to ∣62S1=2, F ¼ 4,m ¼ �4i for Cs
atoms or ∣52S1=2,F ¼ 3,m ¼ �3i for Rb atoms, μþ ≪ μ�, the optical nonreciprocity
can be reversed, and the single-photon circulator forms a P2 ! P1 ! P4 circulator.

Figure 5.
(a) Steady-state transmissions of the single-photon circulator using a WGMmicroresonator and both of the bus
and drop waveguides overcouple to the resonator, i.e., κex1 ¼ κex2 ¼ 3κi. Solid blue (red) curve is for the
transmission Tþ,B (T�,B) in the bus waveguide, while the dashed blue (red) curve is for the transmission Tþ,D
(T�,D) in the drop waveguide. The gray curves are the results from numerical simulations, which mostly
overlap with other curves. gþ ¼ 5κi, g� ¼ gþ=

ffiffiffiffiffiffi
45

p
, γþ ¼ 0:3κi, and γ� ¼ γþ=45. (b) Propagation of single-

photon pulses with � 4κi in the resonator for Δ ¼ 0 and vg ¼ 1� 108m=s. Blue (red) lines are for the input
and transmitted excitations for the left-handed (right-handed) input. The arrows indicate the moving
directions of photons. Reproduced with permission from [16].
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through the system of Tþ ¼ 0:72� 0:02 in the forward direction and T� ¼
0:03� 0:01 in the backward direction, yielding an isolation F ¼ 13 dB.

The single-photon circulator consists of two waveguides and a WGM
microresonator, and both of the bus and drop waveguides overcouple to the reso-
nator, i.e., κex1 ¼ κex2 ¼ 3κi (see Figure 3). As seen from Figure 5a, at Δ � 0, for
port P1 input αin, most excitation of the photon can transport to the bus-waveguide
port P2, Tþ,B ¼ 0:85 (solid blue curve), while the output to the drop-waveguide
port P4 is vanishingly small (dashed blue curve). As for port P2 input βin, there is a
dip (peak) in the transmission T�,D (T�,B), but the linewidth is very small, � 0:16κi,
as shown in Figure 5a. In contrast, the whole transmission spectrum has a linewidth
of 11κi. As a result, a single-photon pulse bandwidth 0:16κi ≪ΔB≪ 11κi can transport
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mitting to the bus-waveguide port P1 is small, � 0:02, yielding a contrast 0:95. The
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[16], which match the analytic forms well (see gray curves in Figure 5a). If ∣Δ∣ � g�,
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Figure 5.
(a) Steady-state transmissions of the single-photon circulator using a WGMmicroresonator and both of the bus
and drop waveguides overcouple to the resonator, i.e., κex1 ¼ κex2 ¼ 3κi. Solid blue (red) curve is for the
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A quantum optical circulator operated by a single atom has been demonstrated
[19]. In the experiment, a single 85Rb atom is coupled to the WGM of a bottle
microresonator, which is interfaced by two tapered fiber couplers, realizing a four-
port device. The single 85Rb atom is prepared in the outermost Zeeman sublevel
mF ¼ þ3 of the 5S1=2, F ¼ 3 hyperfine ground state. The light in the CCW mode
excites state ∣F0 ¼ 4,mF0 ¼ þ4i more strongly than CW mode exciting ∣F0 ¼
4,mF0 ¼ þ2i state, corresponding to coupling strength of resonator modes and the
atom, gþ≫ g�. The presence of the atom changes the resonator field decay rate from
κtot ¼ κi þ κex1 þ κex2 to κtot þ Γ�, where Γ� ¼ g2�=γ is the direction-dependent
atom-induced loss rate [19] and γ ¼ 2π � 3 MHz is the dipole decay rate of Rb. For
the CW mode, Γ� is small, and the resonator field decay rate is not substantially
modified by the atom, whereas for the CCW mode, Γþ can become comparable
with or even exceed κtot. As a result, when light is incident into the device from
ports P2 and P4 for which it couples to the CW mode (see Figure 3), the add-drop
functionality is achieved. However, for the two other input ports P1 and P3, the light
couples to the CCW mode, and the incident light field remains in its initial fiber in
the condition of the resonator-atom system operating in the undercoupled regime,
κex1, κex2 ≪Γþ. Overall, the device realizes an optical circulator that routes light
from the input port Pi to the adjacent output port Piþ1 with i∈ 1, 2, 3, 4f g (see
Figure 3).

In the experiment, the transmissions Tij to all output ports Pj when sending a
weak coherent probe field into the four different input ports Pi have been measured
[19]. And the performance of the circulator can be quantified with the fidelity F
and the average photon survival probability η. The fidelity is evaluated as the
overlap of the renormalized transmission matrix ~T ¼ Tij=ηi

� �
with the one expected

for the ideal circulator, Tid. Here, ηi ¼
P

kTi,k is the survival probability of a photon
entering port Pi. Thus, the average operation fidelity of the circulator is [19]

F ¼ Tr ~TTid,T� �

Tr TidTid,T� � , (7)

giving the probability of the correct circulator operation average over various
inputs. The minimum fidelity is F ¼ 0, whereas F ¼ 1 is reached for ideal opera-
tion. The experimental results show an optimum circulator performance for
κtot=2κi ¼ 2:2, where F ¼ 0:72� 0:03 and, at the same time, η ¼ 0:73� 0:04.

Furthermore, the circulator performance can also be quantified by the isolations [19].

I i ¼ 10 log Ti, iþ1=Tiþ1, ið Þ : (8)

For the optimum working point, it achieves I if g ¼ 10:9� 2:5; 6:8�f 1:3;4:7 �
0:7; 5:4� 1:1g dB and an average insertion loss of �10 log η ¼ 1:4 dB [19].

Note that when the atom is prepared in the opposite Zeeman ground state, F ¼
3,mF ¼ �3, the operation direction of the circulator is reversed.

The type-III single-photon isolator is based on a microring resonator coupling to
a QD and a nearby waveguide [17]. In the approach, the silicon microring resonator
in which light is tightly transversely confined has an exceptionally strong evanes-
cent e-field and a near-unity OC surrounding the whole outside and inside walls of
the resonator. By initializing a quantum dot (QD) in a specific spin ground state or
using the optical Stark control, a broadband single-photon isolation over several
gigahertz is achieved.

The QD-resonator system consists of a silicon waveguide, a silicon microring
resonator, and a single negatively charged quantum dot (QD). Numerical
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simulations using the finite-difference time-domain (FDTD) method are performed
to calculate the properties of the resonator. At the resonant wavelength λc �
1:556 μm, the intrinsic quality factor Qin is about 3:9� 104, and the mode volume
Vm is about 1:55 μm3. The corresponding resonance frequency and the intrinsic
decay rate are ωc=2π ≈ 192:67 THz and κi=2π ≈4:94 GHz, respectively, yielding a
total decay rate of κ ¼ κex þ κi ≈ 2π � 9:88 GHz, where WGMs decay into the
waveguide at the rate κex and κex ¼ κi at resonance.

When the light enters the waveguide from port P1(P2) with transverse electric
mode and excites the CCW (CW) WGMs, the evanescent fields of interest circu-
lating around the sidewalls of the resonator are tightly confined in the transverse
direction as a transverse magnetic mode. The e-field distribution and the OC of the
microring resonator are numerically investigated by FDTD simulation. For a TE
mode incident to port P1(P2), the intensity difference distribution D is shown in
Figure 6a–c. When the light enters the waveguide from port P1, the outer (inner)
evanescent field of the WGM is σþ-(σ�-) polarized, indicated by C≈ � 1 1ð Þ, as
shown in Figure 6b. For the light incident to port P2, the polarization of the
evanescent field is reversed, as shown in Figure 6d. Note that in this resonator,
∣C∣>0:99 from the surface of the outside wall to a position 280 nm away in the
radial direction [17]. This large chiral area greatly relaxes the requirement for
precisely positioning a QD. Importantly, the intensities of the evanescent fields near
the outside wall are almost equal to that in the middle of the resonator, and they are
still strong even at a position tens of nanometers away from the surface. These

Figure 6.
(a, c) Intensity difference D and (b, d) optical chirality C for light with λ ¼ 1:556 μm. Here, to clearly show the
chiral e-fields in the vicinity of the resonator and wipe off the negligibly weak background, we use the definition

for C ¼ E rð Þ � σ̂�j j2 � E rð Þ � σ̂þj j2
� �

= E rð Þj j2 þ ϱ
� �

, where we introduce a small bias, ϱ ¼ max E rð Þj j2f g �
10�4, in the denominator. Light incident to port P1 (a, b) and port P2 (c, d). White lines are for the waveguide
boundaries. Reproduced with permission from [17].
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features of the resonator allow a strong chiral coupling between a nearby QD and
the resonator.

As seen in Figure 7, a negatively charged QD is doped near the outside wall of
the resonator. It has two energy-degenerate transitions at λq � 1:556 μm, driven by a
circularly polarized e-field, as seen in Figure 8a. It can be an InAs self-assembled
QD grown on silicon dioxide/silicon substrates [29], with two electronic spin
ground states ∣� 1=2i and two optically excited states ∣� 3=2i.

By initializing the QD in a specific spin ground state or shifting the transition
energy with the optical Stark effect (OSE), chiral QD-resonator interaction can be
achieved. As shown in Figure 8b, by applying a magnetic field along the direction
perpendicular to the growth direction of the QD, the spin-flip Raman transitions are
enabled and can couple to linearly polarized e-fields. In this case, the spin ground
state ∣1=2i or ∣� 1=2i can be selectively prepared with a near-unity possibility
[27, 30]. When the spin ground state, e.g., ∣1=2i, is populated and the magnetic field
is switched off, the QD can be treated as a two-level system with a dipole moment
coupling only with a σþ-polarized e-field, as shown in Figure 8c. The second
method involves all-optical control of the QD via the optical Stark control. The
polarization-selective transition, ∣1=2i $ ∣3=2i or ∣� 1=2i $ ∣� 3=2i, can also be
tuned to have different energies by inducing a large optical Start shift with a large
detuned circularly polarized light [31, 32]. As shown in Figure 8d, the σþ-polarized
transition is shifted by σþ-polarized classical light to be on resonance with the CCW
mode, while the σ�-polarized transition of the QD decouples to the resonator due to
a large detuning Δ� ¼ Δc þ 2ΔOSE, where Δc is the detuning of resonator’s reso-
nance and ΔOSE is the detuning which resulted from the OSE. In this case, the QD
can also be treated as a two-level system with a σþ-polarized transition.

After QD spin ground state preparation, the QD strongly couples to the CCW
mode with large strength gþ but decouples from the CWmode with a much smaller
strength g�. Note that the OSE-based method allows an all-optical operation. In
fabrication, the QD can be engineered to have various resonance wavelengths,
dipole moments, and decoherence rates. Self-assembled quantum dots can be
engineered to possess a transition at 1:556 μm, and their dipole moment can vary

Figure 7.
Schematic of the single-photon isolation based on a microring resonator. The silicon resonator couples to a
nearby silicon waveguide with refractive index n ¼ 3:48 and a single negatively charged QD. The resonator and
the waveguide are 0:44 μm wide and 0:22 μm thick. The resonator has a 4:22 μm radius. The light incident to
port P1(P2) drives the counterclockwise (CCW) [clockwise (CW)] WGM. The polarization of the evanescent
field of the CCWmode is σþ- (σ�-) polarized near the whole outside (inside) wall, while that for the CWmode
is σ�- (σþ-) polarized. After initialization for the QD, it is treated as a two-level system with σþ-polarized
transition. Reproduced with permission from [17].
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from a few Debye to 40 Debye [33]. Here, we choose the resonance wavelength
λq ≈ 1:556 μm, ωq ¼ ωc, and the dipole moment ∣d∣ ¼ 30 Debye, yielding a sponta-
neous emission rate γq ¼ dj j2ω2

q=3πε0ℏc
3 ¼ 2π � 11:88 MHz. The strength of the

zero-point fluctuation of this mode is ∣E0∣ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ℏωc= 2ε0Vmð Þ≈ 6:82� 104 V=m

q
,

where ε0 is the vacuum permittivity and ℏ is the Planck constant. Correspondingly,
the QD-resonator coupling strength g ¼ d � E0=ℏ≈ 2π � 10:29 GHz. And asymme-
try coupling strength ∣gþ∣ ¼ αg and ∣g�∣ ¼ βg, where α ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1� Cð Þ=2p
and β ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ Cð Þ=2p
[17]. As a consequence, the QD-resonator system is chiral and subse-

quently achieves the optical isolator at the single-photon level.
The steady-state forward (backward) transition amplitude tþ (t�),

corresponding to the left-handed (right-handed) input, is derived by using the
single-photon scattering method [17, 24, 34]

tþ ¼
~Δc ~Δc ~Δq �G2� �þ ~Δqκ2ex � g ∗þg�h� gþg

∗
�h

∗ � ~Δq hj j2 þ i g�
�� ��2 � gþ

�� ��2� �
κex

~Δc þ iκex
� �

~Δq ~Δc þ iκex
� ��G2� �� g ∗þg�h� gþg ∗�h

∗ � ~Δq hj j2 ,

(9)

Figure 8.
Initialization of a negatively charged QD including two methods: Coherent population trapping (a–c) and
optical Stark effect (d). (a) Four-level configuration of an electron spin in a single negatively charged QD. (b)
Four-level configuration with dipole-allowed transitions, enabled by a magnetic field along the X direction. (c)
The Trion system which has been pumped with linearly polarized light at the magnetic field can be treated as a
two-level system only with σþ-polarized light excitation at zero magnetic field. (d) A σþ-polarized classical
light Ωs with a detuning Δs from the σþ-polarized transition ∣1=2i $ ∣3=2i is applied to shift the transition
energy by ΔOSE ∝Ω2

s =ΔS. The σ�-polarized CW mode decouples from the QD because it is detuned by Δ� from
the relevant transition ∣� 1=2i $ ∣� 3=2i. Figures are reproduced with permission from [17] and are slightly
modified.
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t� ¼
~Δc ~Δc ~Δq �G2� �þ ~Δqκ2ex � g ∗�gþh� g�g

∗
þh

∗ � ~Δq hj j2 þ i gþ
�� ��2 � g�

�� ��2� �
κex

~Δc þ iκex
� �

~Δq ~Δc þ iκex
� ��G2� �� g ∗�gþh� g�g ∗þh

∗ � ~Δq hj j2 ,

(10)

where ~Δc ¼ ω� ωc þ iκi, ~Δq ¼ ω� ωq þ iγq, and G2 ¼ gþ
�� ��2 þ g�

�� ��2. The
detuning is defined as Δc ¼ ω� ωc and ωc ¼ ωq is assumed. In this device, ∣C∣ ¼
0:99 and ∣h∣≪ κi, the transmissions, T� ¼ t�j j2, are shown in Figure 9. In the
absence of the backscattering, i.e., h ¼ 0, at Δc ¼ 0, Tþ ≈0:99 and T� ≈0, yielding
the insertion loss of L ¼ �10 log Tþð Þ≈0:04 dB and the isolation contrast ϒ≈ 1.
Consequently, at vanishing detuning, the single-photon isolation is achieved with
almost zero insert loss and near-unity isolation contrast. The nonreciprocal band-
width is about 1:3κ≈ 2π � 12:8 GHz, which is about two to three orders broader
than those in [16, 18–20, 35]. It can be seen from Figure 9a that the nonreciprocal
spectral window becomes narrower and narrower as the backscattering strength
increases; for a relatively large backscattering ∣h∣ ¼ κi, both the backward and
forward transmissions only change very slightly, but for an extremely large back-
scattering ∣h∣ ¼ 3κi, the nonreciprocal performance is much affected. As shown in
Figure 9b, in the absence of backscattering, the isolation contrast is quite robust,
decreasing slowly from 1 to 0.8 as the OC changes from �1 to �0.5 (blue solid
curve), while the insertion loss increases almost linearly in this region.

This device can achieve optical isolation when oppositely propagating photons
enter the system at the same time, avoiding the dynamic reciprocity problem [36].

Figure 9.
(a) Steady-state transmissions for ∣D∣ ¼ 0:99. Blue (red) curves are for transmissions Tþ (T�), h ¼ 0 (solid
curves) for ∣h∣ ¼ κi (dashed curves), and ∣h∣ ¼ 3κi (dotted curves). (b) Blue curve is for isolation contrast, and
red dashed curve is for insert loss as a function of the optical chirality D for h ¼ 0 (solid curves) and ∣h∣ ¼ κi
(dashed curves). (c) Propagation of single-photon pulses incident to ports P1 and P2 simultaneously. Red thin
(blue thick) curves are for the propagation of the right-moving (left-moving) single-photon pulses. Solid curves
are for incident single-photon wave function, and dashed curves are for transmitted wave function. ∣D∣ ¼ 1 for
simplicity.
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Numerical simulations for the propagation of single-photon wave packets incident
to ports P1 and P2 simultaneously are performed by using wave-vector-space
method [17]. The propagation of single-photon pulses in the system is shown in
Figure 9c. At resonance, a right-moving single photon can pass through the
system with transmission probability 0.98, while that of a left-moving single photon
is only 0.02.

4. Optical isolation via chiral cross-Kerr nonlinearity

In a waveguide embedded with N-type atoms (see the upper waveguide in
Figure 10a), the classical switching and coupling fields are applied to induce the
phase shift ϕ and amplitude modulation ξ of the probe field. The forward and
backward amplitude transmissions ξf and ξb are sufficiently different after the
probe field passes through the ensemble of atoms. Thus, the type-IV optical isolator
is achieved.

Rb atoms are used to create the chiral XKerr nonlinearity. In the ∣2i ! ∣1i
transition, the ∣2i ! ∣3i transition, and ∣4i ! ∣3i transition of the Rb atoms with
decay rates γ21, γ22, and γ43, respectively, γ21 ¼ γ23 ¼ γ43 ¼ γ0 is assumed, and
γ0 ≫Γ, where Γ is the dephasing rates of both ground states ∣1i and ∣3i and γ0 ¼
2π � 6 MHz. The XKerr nonlinearity can be efficiently induced between the probe
and switching fields in the configuration and can be modified by the coupling laser.
As shown in Figure 10b, the switching (coupling, probe) field drives the transition
∣1i $ ∣2i (∣3i $ ∣2i, ∣3i $ ∣4i) with a detuning Δs (Δc, Δp) in the absence of

Figure 10.
(a) Schematic of the realization of optical isolator and circulator by using chiral cross-Kerr nonlinearity. To
realize an optical isolator, we use only the upper waveguide (WG) embedded with a cloud ofN-type atoms. The
photon passing through the atoms suffers an amplitude transmission of ξ and a phase shift ϕ, which are
dependent on its propagation direction. To achieve optical circulator, the lower waveguide is added to form a
Mach-Zehnder interferometer with the upper one by using two beam splitters BS1 and BS2. (b) Energy-level
diagram of N-type atoms. The switching (carrier frequency Ωs), coupling (Ωc), and probe (Ωp) fields couple to
transition ∣1i $ ∣2i, ∣3i $ ∣2i, and ∣3i $ ∣4i, with detunings Δs, Δc, and Δp, respectively. Reproduced with
permission from [20].
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(dashed curves). (c) Propagation of single-photon pulses incident to ports P1 and P2 simultaneously. Red thin
(blue thick) curves are for the propagation of the right-moving (left-moving) single-photon pulses. Solid curves
are for incident single-photon wave function, and dashed curves are for transmitted wave function. ∣D∣ ¼ 1 for
simplicity.

90

Single Photon Manipulation

Numerical simulations for the propagation of single-photon wave packets incident
to ports P1 and P2 simultaneously are performed by using wave-vector-space
method [17]. The propagation of single-photon pulses in the system is shown in
Figure 9c. At resonance, a right-moving single photon can pass through the
system with transmission probability 0.98, while that of a left-moving single photon
is only 0.02.

4. Optical isolation via chiral cross-Kerr nonlinearity

In a waveguide embedded with N-type atoms (see the upper waveguide in
Figure 10a), the classical switching and coupling fields are applied to induce the
phase shift ϕ and amplitude modulation ξ of the probe field. The forward and
backward amplitude transmissions ξf and ξb are sufficiently different after the
probe field passes through the ensemble of atoms. Thus, the type-IV optical isolator
is achieved.

Rb atoms are used to create the chiral XKerr nonlinearity. In the ∣2i ! ∣1i
transition, the ∣2i ! ∣3i transition, and ∣4i ! ∣3i transition of the Rb atoms with
decay rates γ21, γ22, and γ43, respectively, γ21 ¼ γ23 ¼ γ43 ¼ γ0 is assumed, and
γ0 ≫Γ, where Γ is the dephasing rates of both ground states ∣1i and ∣3i and γ0 ¼
2π � 6 MHz. The XKerr nonlinearity can be efficiently induced between the probe
and switching fields in the configuration and can be modified by the coupling laser.
As shown in Figure 10b, the switching (coupling, probe) field drives the transition
∣1i $ ∣2i (∣3i $ ∣2i, ∣3i $ ∣4i) with a detuning Δs (Δc, Δp) in the absence of

Figure 10.
(a) Schematic of the realization of optical isolator and circulator by using chiral cross-Kerr nonlinearity. To
realize an optical isolator, we use only the upper waveguide (WG) embedded with a cloud ofN-type atoms. The
photon passing through the atoms suffers an amplitude transmission of ξ and a phase shift ϕ, which are
dependent on its propagation direction. To achieve optical circulator, the lower waveguide is added to form a
Mach-Zehnder interferometer with the upper one by using two beam splitters BS1 and BS2. (b) Energy-level
diagram of N-type atoms. The switching (carrier frequency Ωs), coupling (Ωc), and probe (Ωp) fields couple to
transition ∣1i $ ∣2i, ∣3i $ ∣2i, and ∣3i $ ∣4i, with detunings Δs, Δc, and Δp, respectively. Reproduced with
permission from [20].
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thermal motion. The switching (coupling, probe) laser beam has the carrier fre-
quency Ωs (Ωc, Ωp), corresponding to the wave vector ks (kc, kp). At room
temperature, the inevitable random thermal motion of the jth atom moving with
velocity vj induces the “microscopic” Doppler shifts ksvj, kcvj, and kpvj in the
corresponding atomic transitions, respectively. The strength of the nonlinearity is
strongly dependent on the effective detunings, and thus the Doppler shifts. As a
result, these frequency shifts change the optical nonlinearity in a way strongly
dependent on the propagation direction of the probe field with respect to the
switching and coupling fields, leading to the chiral XKerr nonlinearity. Both the
switching and coupling laser beams are left-moving and ksvj ¼ kcvj is assumed.
Thus, the backward-moving (forward-moving) probe field “sees” the same (oppo-
site) Doppler shift as the switching and coupling ones. Compared with the back-
ward input case, where the Doppler broadening significantly reduces the total
XKerr nonlinearity, the Doppler shift “seen” by the forward-moving probe field is
partly compensated, and subsequently the nonlinearity remains large [20].

For a centimeter-scale medium, e.g., L ¼ 2 cm, the medium is absorptive, and
the forward and backward transmissions are very different, as shown in Figure 11a.
As the probe detuning increases, the forward transmission T12 rapidly increases to
0.80 at Δp ¼ 35:6γ0, corresponding to an insertion loss of 1 dB. As a result of
Doppler broadening, the backward transmission T21 is much smaller than T12, when
35:6γ0 <Δp < 60:6γ0. In this region, the insertion loss is smaller than 1 dB, while the
isolation ratio is larger than 15 dB. The isolation ratio can be considerably improved
with a large forward transmission by using a longer medium or, equivalently,
increasing the density of the atoms. For L ¼ 4 cm, the isolation rate can reach more
than 30 dB in the range of 50γ0 <Δp < 60γ0, yielding an isolation bandwidth of
2π � 60 MHz. At the same time, the insertion loss is less than 1 dB. As a conse-
quence, an isolation can be achieved by using this medium.

By carefully choosing the density and length of the atomic vapor, and properly
arranging the switching and coupling fields, a phase shift difference, Δϕ ¼ ϕf � ϕb,
can approach π with high transmissions ξf and ξb. It can realize a four-port optical
circulator by adding a lower waveguide to form a Mach-Zehnder interferometer
(MZI), as seen in Figure 10a.

For a short medium (L ¼ 3:33 mm), the transmission of the forward- and
backward-moving probes can be comparably high, but the phase shift ϕb is always
small, specifically about 0:011π at Δp ¼ 7:77γ0, as shown in Figure 11b. In contrast,
at the optimal point Δopt

p ¼ 7:77γ0, the difference of the phase shift, ϕf � ϕb, reaches

Figure 11.
(a) The transmission of the isolator for forward-moving (blue curves) and backward-moving (red curves)
probe fields as a function of the probe detuning Δp. Green curves are for the isolations. Solid (dashed) curves are
for the length of medium L ¼ 2 4ð Þ cm. (b) Amplitude transmissions (red curves) and phase shifts (blue curves)
for forward-moving (solid curves) and backward-moving (dashed curves) probe fields as a function of Δp. (c)
Green curves are for fidelities, and blue dashed curves are for average insertion loss as a function of Δp. The
vertical black dashed lines in the two figures show the optimal detuning Δopt

p ¼ 7:77γ0. The length of medium is
3.33 mm. Other parameters Na ¼ 5� 1012cm�3, Γ3 ¼ 0:1γ0, Ωc ¼ 20γ0, Ωs ¼ 4γ0, and δ ¼ 0 are fixed.
Reproduced with permission from [20].
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the optimal value of π. At the same time, ξoptf ≈ ξ
opt
b ≈0:66. As a result, a high-

performance circulator can be realized by inserting this nonlinear medium into a
MZI composed of unbalanced BSs. In the lower waveguide, a phase shift ϑ ¼ 0:01π
is added to compensate the phase shift of the backward-moving photon in the upper
one. As shown in Figure 11c, when the detuning Δp varies from 6γ0 to 20γ0, the
fidelity F first rises up rapidly, reaches the maximum 0.944 at Δopt

p ¼ 7:77γ0, and
then decreases. At the same time, the average photon survival probability η
increases from 0.68 to 0.83. Although the photons have a larger probability to
survive at a large detuning, the fidelity is low. Thus, there is a trade-off between the
fidelity and the survival probability. The circulator operating within the frequency
range 6:6γ0 <Δp < 9:7γ0 can achieve a fidelity larger than 0.9 at the expense of
η>0:69. The corresponding working window is about 2π � 20 MHz, and the aver-
age insertion loss is about 1.6 dB. At the Δopt

p , it obtains a fidelity F ¼ 0:944 and a
survival probability η ¼ 0:72, yielding an insertion loss of 1.42 dB. The circulator
can also be quantified by the isolations F if g ¼ 41:7, 13:8, 13:8, 8:2f g dB with i ¼
1, 2, 3, 4f g (see Eq. (7)), implying nonreciprocal photon circulator along 1 ! 2 !

3 ! 4 ! 1.
The proposal can achieve the nonlinear optical isolation without dynamic reci-

procity [36], because the XKerr nonlinearity itself is chiral and the isolation is based
on linear equations [20]. According to this proposed method, the device that uses
XKerr nonlinearity to achieve cavity-free optical isolator and circulator at ultralow
light level has been demonstrated experimentally [21].

5. Conclusions

In this chapter, we introduce the optical chirality of light confined around
nanophotonic structures and the chiral optical XKerr nonlinearity induced in atoms.
Based on optical chirality, we propose single-photon isolators and circulators with
chiral light-emitter interaction. These concepts have been demonstrated experi-
mentally. Then we showed approaches to achieve an optical isolator and a circulator
by using the chiral XKerr nonlinearity. All of these approaches can realize chip-
comparable optical isolations with low insertion loss and high isolation perfor-
mance. The methods also work at ultralow light level and even single-photon level.
These optical isolators and circulators may pave the way for photon routing and
information processing in a nonreciprocal way in integrated optical circuits and
quantum networks.
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quency Ωs (Ωc, Ωp), corresponding to the wave vector ks (kc, kp). At room
temperature, the inevitable random thermal motion of the jth atom moving with
velocity vj induces the “microscopic” Doppler shifts ksvj, kcvj, and kpvj in the
corresponding atomic transitions, respectively. The strength of the nonlinearity is
strongly dependent on the effective detunings, and thus the Doppler shifts. As a
result, these frequency shifts change the optical nonlinearity in a way strongly
dependent on the propagation direction of the probe field with respect to the
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