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Quantum interferometry uses the quantum properties of light to surpass the Rayleigh diffraction limit inherent in classical interferometry. We
have used Fock and coherent states, which describe the electromagnetic input field, a multi-photon counting apparatus, and an operator-based
approach to a multi-slit Young’s experiment to present the principles behind quantum interferometry. Our calculations show interference
fringes that depend on the wavelength of the sourceλ, the number of slits in the Young’s screen—both characteristics present in the classical
scheme—, and the number of photonsm, that the measurement apparatus detects. The latter dependence generates an effective de Broglie
wavelength,λ/m, a phenomenon that can only be observed by taking advantage of the quantum properties of light.
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La interferometŕıa cúantica utiliza las propiedades no clásicas de la luz para rebasar el lı́mite de difraccíon de Rayleigh presente en inter-
ferometŕıa cĺasica. Usando estados de Fock y estados coherentes, que describen el campo electromagnético de la fuente de luz, un detector
dependiente del ńumero de fotones presentes en el campo, y una descripción operacional del experimento de Young generalizado a múltiples
aperturas, presentamos los principios basicos de interferometrı́a cúantica. Los resultados obtenidos muestran franjas de interferencia que
dependen de la longitud de onda de la luzλ, del ńumero de aperturas en la pantalla de Young—ambas caracterı́sticas presentes en el caso
clásico— y del ńumero de fotonesm que puede detectar el aparato de medición. Estaúltima dependencia genera una longitud de onda
efectiva de de Broglie dada porλ/m, un feńomeno que śolo puede ser observado utilizando las propiedades cuánticas de la luz.

Descriptores: Interferometŕıa cúantica; experimento de Young; estados de fotones; lı́mite de difraccíon.
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1. Introduction

In classical optics, light is a transversal electromagnetic
wave, and when several coherent light sources interfere, they
do so by constructive (additive) or destructive interference;
this is known as interferometry. A coherent light source is
considered to be the light emitted by many radiative sources
that are in phase [1]. In quantum optics, light cannot be
treated as a electromagnetic wave alone, and a particle de-
scription of light is introduced with the existence of a mass-
less particle, with spin one, called a “photon” [2]. Pho-
tons are better described as waves and particles, as stated by
the duality principle. However, photons are yet to be fully
understoodi. When one is dealing with such particles, inter-
ferometry cannot be described by the superposition of waves,
as in classical optics, and a different description of interfer-
ometry is required.

Photons are fully based on quantum mechanics, and they
represent a “quantum” unit of the electromagnetic field. To
tackle the well-known, Young experiment from a quantum
perspective, we assume previous knowledge of the quantiza-
tion of the electromagnetic field. Quantization of the elec-
tromagnetic field defines the probability of finding somen

quanta of light inside a volume of space as a function of a
photon numbern; such states of light could be described by
Fock or coherent states (for more details see Refs. 4 and 5).
Fock states could be considered to be the most particle-like
state, while coherent states are more wave-like states. We
know that, in the end, classical and quantum mechanical de-
scriptions of the Young’s experiment agree when the cor-
rect approximations are taken; however, the interpretation of
quantum mechanics gives a different philosophical and phys-
ical description of nature.

Young’s experiment has been used as a way to interpret
quantum mechanics as a probabilistic description, Copen-
hagen interpretation. Bearing this in mind, the interference
pattern observed classically and quantum mechanically is
generated by the arrival of many photons at different places
and with different probabilities. In textbooks, most of the
time, one can usually find only the simple case scenario, in
which the interference pattern is generated by the arrival of
one photon at a time [6]. Now we know that this is an ap-
proximation limited by the way the source and the detection
process are treated. We have used Fock and coherent states
together with multi-photon counting apparatus, to observe the
differences between classical and quantum interferometry.
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Developments in experimental physics have taken advan-
tage of the quantum description of light to extract informa-
tion from the system under study, or to construct different
quantum states. These experiments require a more realistic
description of a photon source, which cannot be considered
to be like a photon gun, emitting one photon a time. We know
that higher order photon numbers are required to describe
a more realistic source, such as the laser. This description
of light can be used to understand the new physics, and has
been the focus in the development of areas such as quantum
optics, quantum information [7,8], quantum imaging [9,10],
and quantum lithography [11]. For example, having a multi-
particle state in a coherent superposition will give non local
interaction between multi-particles. Such non-local interac-
tions were described by Einstein as “spooky action at a dis-
tance”. The resulting states generated by a superposition of
multi-particle states leads to a non-separable state known as
entangled state [12]. Entanglement is a pure quantum me-
chanical phenomenon, and has been at the heart of many ar-
eas of research,i.e. quantum teleportation, a technique used
to transfer a quantum state from one place to another.

Quantum optics has been very fruitful area of research,
where several experiments have reported on the preparation
and use of multi-photon states that show non-local effects.
In the area of quantum interferometry, several experiments
have used entangled states as a way to exceed the classical
Rayleigh diffraction limit. This is accomplished by using en-
tangled states to show an effective de Broglie wavelength that
is inversely proportional to the number of photons in the state
of the system [13]. One way to achieve this is to consider
entangled states of three and four photons produced by spon-
taneous parametric down conversion (SPDC) [14], and the
performance of coincidence detection of the states can in fact
exceed the diffraction limit by a factorn corresponding to the
number of entangled photons used [15,16].

Another exciting interferometric experiment is known as
“ghost imaging” [17]. In this case, an entangled state (signal
and idler) is formed by SPDC; the signal photon propagates
through a double slit, and the idler propagates freely follow-
ing two different optical paths. When coincidence detection
and position correlations are analyzed, the image and the in-
terference pattern of the double slit are reconstructed. This
imaging technique needs to satisfy EPR inequalities and has
raised some controversy. Some authors have argued that the
correlation between states in “ghost imaging” are classical
and not quantum in nature [18]. However, it was been shown
that the quantum correlations of any sources of classically
correlated pairs of quanta can never achieve a perfect corre-
lation of both momentum and position variables, as expected
in the case of entanglement [19].

Most, if not all, of the cases briefly mentioned above
use higher-order correlation analysis as a way to surpass the
diffraction limit. We present the use of the most basic quan-
tum interferometry scheme, Young’s experiment, described
in terms of operator notation to introduce basic notions of
quantum interferometry, and to show how entanglement and

an adequate selection of the measurement apparatus can over-
come the classical Rayleigh diffraction limit. For this reason
we start the discussion of the topic, Section 2, with a brief
description of the classical Young’s experiment. This is fol-
lowed, Sec. 3, by a description of the quantum Young’s ex-
periment where two kinds of initial states of the boson field
are considered —Fock and coherent states—, and a photon
counter operator is used to describe the measurement process.
Results are presented and discussed next, Sec. 4, showing
that an effective de Broglie wavelength is obtained which is
inversely proportional to the number of photons in the source
if and only if the photon counter can resolve that specific
number of photons. Finally, we close in Sec. 5, with a dis-
cussion on the relationship of our work with the more com-
plicated schemes of today’s research.

2. Classical Young’s experiment

Young’s experiment, executed at the beginning of the 1800’s
and considered to be a model for researchers today, was the
first scheme to demonstrate the interference of light [20].
In the modern version of this experiment, a monochromatic
electromagnetic plane wave impinges on a screen, Young’s
screen, with two pinholes that are close together. Away from
and parallel to Young’s screen, there is a detection plane —
which will be called the detection screen— where an interfer-
ence pattern is formedii. The experiment can be generalized
to a multi-pinhole scheme. Figure 1 presents a diagram of the
multi-pinhole Young’s experiment.

Mathematically, each and every pinhole in the Young’s
screen can be described as a point source of spherical waves
with a common phase. For simplicity, this common phase is
assumed to be zero. Therefore, the electromagnetic field at a
pointx at a given time on the detection plane is given by the
superposition

FIGURE 1. Schematic diagram for a multi-slit Young’s experiment.
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FIGURE 2. Classical results of Young’s experiment of un-
normalized intensity,〈I〉 a.u., on the detection screen versus the
parameter∆θ, in units of λ. Panel a) shows the case in which
Young’s screen has a different number of pinholes,s = 2 solid
line, s = 3 dashed line,s = 4 dotted line. Panel b) represents the
case of a double slit (s = 2) for λ = 1 solid line,λ = 1/2 dashed
line, λ = 1/3 dotted line.

E(x) =
s∑

j=1

Aje
−ı2π|~rj |/λ, (1)

where the quantitys is the total number of pinholes,Aj is
the amplitude of the field for thej-th pinhole, and|~rj | is the
distance from thej-th pinhole to the pointx. The quantityλ
is the wavelength of the impinging light.

Assuming equidistant pinholes with equal transmittance,
and using a shorthand notation ofθj = 2π|~rj |/λ, the inten-
sity of the field at a pointx on the detection plane is given by
the equation

I(x) = |E(x)|2,

= |A|2
s∑

j,k=1

e−ı(j−k)∆θ,

= |A|2

s + 2

s−1∑

j=1

(s− j) cos j∆θ


 . (2)

We have used the geometry of the problem to define
(j− k)∆θ = θj − θk, using the fact that the detection screen
distance from Young’s screen,D, is larger than the equidis-
tant separation of pinholes,d. With these conditions, one
can find, for the double slit case, the maximum constructive
interference whend sin θ = lλ, wherel is the order of the in-
terference (l = 0,±1,±2, . . .). Straightforward calculation
gives interference fringes as shown in Fig. 2 for a different
number of pinholes.

One can appreciate that, even though multiple oscillations
appear when the number of pinholes is larger than two,s > 2,
the separation between the interference maxima is given by
the wavelength used in the experiment. The Rayleigh cri-
terion states that the minimum resolvable separation by a
diffractive system is proportional toλ/2.

Figure 2 shows the effects on the interference pattern
whens = 2, 3, 4 (panel a). Another example (panel b) is the
case for a double slit forλ = 1, 1/2, 1/3. We can observe that
the number of fringes increases with a smaller wavelength.
This is the well-known classic result. Panel b in Fig. 2 will
become important for explaining the results obtained for the
quantum analog of Young’s experiment.

3. Quantum Young’s Experiment

We can use Feynman’s words [21] to describe the importance
of Young’s experiment: “[it] has in it the heart of quantum
mechanics”. Therefore, to fully describe the phenomenon
observed since the beginning of the 1800’s, we need to in-
troduce the quantum properties of light.

The mathematical analysis of Young’s experiment is done
by considering the quantization of an electromagnetic field in
a limited volume of space situated between the photon source
and the detection screen; thes-slit Young’s screen is located
somewhere in between the two. Without Young’s screen, the
mathematical analysis reduces to a calculation of the quanti-
zation of the electromagnetic field in a cavity, which is solved
by using Fock states or coherent states, and can be found in
several textbooks [4-6]. This quantization is written as a trav-
eling wave with periodical boundary conditions associated
with the source/detector pairs, and could be expressed as a
quantum harmonic oscillator with eigenvalues,

En = ~ω
(

n +
1
2

)
, (3)

where then-th state hasn quantum of energy and fre-
quency ω. Each quantum of energy is called a photon.
The probability amplitude of finding ann-quantum state (n-
photon state or Fock state|n〉) in a position state (|x〉), for
the one-dimensional case, is expressed in terms of the Her-
mite polynomials [Hn(x) = (−1)nex2

(dn/dxn)e−x2
] as,

〈x|n〉 =
1√
2nn!

(
mω

π~

1
4

)
exp

(
−mωx2

2~

)

×Hn

(√
mω

~
x

)
. (4)
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This equation represents the delocalization in the space of
what we know as photons. Thus, in order to understand
the principle behind the quantum nature of Young’s experi-
ment, we divide the whole process into four parts: the photon
source, the Young’s screen, the free propagation stage, and
the detection screen. In the following subsections we will
describe the four stages and describe a series of assumptions
that we have employed to understand quantum interferometry
using an operator approachiii.

3.1. Photon source

The role of the photon source in Young’s experiment must
be understood by having in mind that there is a propagation
time t between the emitting source and the detection screen.
When we talk about the detection of photons (Sec. 3.4) we
consider that the photons are captured by a detection screen.
A simple approach is to consider that photons follow a bal-
listic trajectory from the source to the detector. This physical
idealization for photons is easier to grasp. In other words, we
are considering the photon source as a photon gun. However,
one must be very careful because, by doing so, one could be
misled into believing in a localized description of the photon,
which is not physically appropriate. With the photon gun as-
sumption, we are going to haves-propagation modes defined
by each of the slits. And, since we do not know the path that
the photon will follow, we need to consider all possible tra-
jectories; we will not allow the break-up of the state, but it
will reach the detector at some fixed point in the detection
screen, as will be shown below. Under this scheme, the pho-
ton source can be described by a quantized monochromatic
electromagnetic field inside a single-mode cavity, which is
written as a series of eigenstates. One of those eigenstates is
known as Fock—or number—states:

|ψ0〉 = |n〉, (5)

wheren is an integer. A Fock state of the electromagnetic
field is represented with a well-defined number of photons in
it, n photons for state|n〉 [22]. Another of these eigenstates
are the coherent states:

|ψ0〉 = |α〉 = e−|α|
2/2

∞∑
n=0

αn

√
n!
|n〉. (6)

A coherent state, introduced by Glauber [23], is a superpo-
sition of Fock states with a Poisson distribution; they are a
good approximation of the light produced by an ideal laser.

Being rigorous, we should consider for a traveling wave
packet of photons some spatial distribution of a multi-mode
state of the field described by

|ψ(~r, t)〉 =
k∑

j=1

f(~r, t)|ψ0〉j . (7)

This description will lead to additional operations in all the
treatments below. For simplicity, we shall consider only one

mode of the field, treating the states as given in Eqs. 5 and 6
as the outgoing states of the source and into Young’s exper-
iment, even when they are not wave packets in any rigorous
sense.

3.2. Young’s screen

Young’s screen can be seen as a mode plexing device. The
above described states of the field are transformed into a co-
herent superposition of multi-mode Fock or Coherent states
after impinging on the Young’s screen and going through the
pinholes. The Young’s screen acts as a maximal entangler
for this case, due to the bosonic properties of photons [6].
A Fock or coherent state impinging on the Young’s screen
will go through one and only one of the pinholes; each pin-
hole defines a mode of transmission for the electromagnetic
field; each mode has an equal opportunity of being populated
by the impinging state. In other words, the initial state with
many photons will not break apart and follow multiple paths.
The state after the Young’s screen can be written as:

|ψY 〉 =
1√
s

s∑

j=1

|ψn,j〉, (8)

for an initial Fock state, where the state|ψn,j〉 represents the
initial Fock state|n〉 going through thej-th pinhole and the
vacuum state,|0〉, going through the otherj−1 pinholes. Or,
for a coherent initial state:

|ψY 〉 =
1√
s

s∑

j=1

|ψα,j〉, (9)

where the state|ψα,j〉 corresponds to the initial coherent state
|α〉 that followed the path through thej-th pinhole, and there
are no photons going through the otherj− 1 pinholes. These
states, Eqs. (8) and (9), are called maximal entangled states.

Furthermore, something that we must remember is that
Young’s screen defines the transmission modes just by be-
ing there. The transmission modes are the possible paths that
the photon package can take. With a photon source that only
allows a photon package to be inside the experiment at a cer-
tain time, it would be impossible to break up the incoming
state. A similar effect is produced by the presence of a beam
splitter. In this case the beam splitter functions as an ampli-
tude splitting device, so that conceptually it is different from
the Young’s screen, in which the transmission is defined by
the possible path of the wavefront. Even though both exper-
iments serve to describe interference, quantum mechanically
they interact with the quantum state in different ways. In
the quantum regime, a beam splitter is a two-mode input and
two-mode output that couples two harmonic oscillator modes
and they can “break up” or “add up” photon states. The beam
splitter is an “active device”, while Young’s screen is a “pas-
sive device”, defining transmission modes by defining trans-
mission paths, and coupling the existing state with a vacuum
state.
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Having stated the difference between the classical and
quantum perspectives, a quantum Young’s screen and a quan-
tum beamsplitter agree in some situations. For example, if
we consider that there is one photon in each input port of a
50/50 beamsplitter, then the output will be|20〉+ |02〉 (up to
some normalization and phase factor), which means we have
an equal chance of having both photons coming out of one
of the output ports, and the other port being left alone. In
this case, it can be compared to having a two-photon state
impinging on a Young’s screen. We conclude that, at least in
the cases of (a) one photon through one input port of a 50/50
beamsplitter and no photon through the other, and (b) one
photon in each input port of a 50/50 beamsplitter, the out-
puts of Young’s screen and a Beam Splitter can be considered
equal, with (a) one photon impinging on the screen, (b) two
photons impinging on the screen. From this reasoning we
consider that an m-slit Young’s screen can be seen as a kind
of equal probability multiplexing device that does not break
up the incoming state.

3.3. Free propagation

After the interaction with Young’s screen, the state of the sys-
tem evolves through free space. This free space evolution can
be described by the evolution operator [22]:

Û = e−ıξ̂, ξ̂ =
n∑

j=1

θj n̂j , (10)

where the operator̂nj is the bosonic number operator for the
j-th transmission mode, andθj = 2π|~rj(x)|/λ, as shown
in Fig. 1. The quantityλ is the wavelength of the photon
source used. The evolution operator in Eq. (10) will intro-
duce a phase shift dependent on the path taken by the state of
the field. It is important to remember that this approximation
for θ is only valid when the distance between the Young’s
screen and the detection screen is greater than the separation
between pinholes (D À d), as in the classical case.

With the evolution operator as described in Eq. (10), we
can write the state of the system as it impinges the detection
screen as:

|ψD〉 = Û |ψY 〉. (11)

3.4. Detection screen

Up to this point in our description, classical and quantum
versions of Young’s experiment both have been dealing with
the propagation of a state of the light after impinging on a
Young’s screen. The two cases are not significantly differ-
ent, but special states of light were considered in the quantum
case.

Another difference from the classical case is introduced
by considering not a simple “click on photon arrival” de-
tector, but a “click whenm-photons arrive” detector, anm-
photon detector. In the Appendix, the photon counting of one
photon at a time is described, and a number operator is de-
fined in Eq. (A.11). The properties of such an operator are

presented. For our purposes, we use anm-photon detector
that leads to the meanm-photon counts described by:

〈M〉 = 〈ψD|Â†mÂm|ψD〉. (12)

In the next section, both cases for an initial state consisting
of Fock or Coherent states will be dealt with.

4. Results on quantum interferometry

4.1. Fock states interferometry

Using Fock states as initial states [Eq. (5)], the probability of
having a detection event at the pointx in the detection screen
is given by:

〈M〉 =
1
s

s∑

j,k=1

〈ψn,j |Û†Â†mÂmÛ |ψn,j〉, (13)

which can be separated into three different cases according to
the number of photons in the Fock state,n, and the number
of photons the measurement apparatus resolves,m:

• n < m,
〈M〉 = 0. (14)

• n = m,

〈M〉 =
n!
s

s∑

j,k=1

e−ı n(j−k)∆θ

=
n!
s


s + 2

s−1∑

j=1

(s− j) cos(jn∆θ)


 . (15)

• n > m,

〈M〉 =

√
n!

(n−m)!
. (16)

These equations, Eq. (14)-(16), show that just the right
combination of ann-photon source with anm-photon detec-
tion screen results in a interference-like pattern when consid-
ering the probability of anm-photon detection to happen at
the pointx on the detection screen:

〈M〉 =
m!
s


s + 2

s−1∑

j=1

(s− j) cos(jm∆θ)


 . (17)

Figure 3 shows some possible outcomes of Eq. (15). In
panel a), the classical result is obtained when a one-photon
source and a one-photon detector are used for different num-
bers of pinholes. We note that Figs. 3a and 2a are equivalent;
now Fig. 2a represents the arrival and detection of one photon
at a time. However, the important result comes from consid-
ering higher-order detection processes,n = m, m > 1. In
this condition, the probability of a detection event has a dis-
tribution that depends on the number of photons,m. Panel b)
shows, that using two slits, as the number of photon detection
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FIGURE 3. Un-normalized quantum interferometry using Fock states as the source and multi-photon detector. Panel a) shows the classical
result, n=m=1. Panel b) presents the case whenn = m for the particular case of two-slits,s = 2. In panel c) we observe the effects for the
case of five slits, and in panel d) we present the case when the number of slits is the same as the photon detection process, which is used only
for illustrating various interference patterns.

increases, the number of fringes increases, and the distance
between two interference maxima is reduced by a factorm.
This is equivalent to considering an effective de Broglie
wavelength that is inversely proportional to the number of
photons used,λeff = λ/m, which means that it is possible
to surpass the Rayleigh diffraction limit by the same factorm.
Panel c) presents behavior similar to that in panel b), but for
a situation with five slits. And finally, panel d) shows a case
wherem = s as a way to present different patterns obtained
as one increases the number of pinholes used in the experi-
ment.

4.2. Coherent states interferometry

Using as the initial state a coherent state, Eq. 6, and the re-
sults for Fock states interferometry presented above, it is pos-
sible to calculate the probability of a detection event at the
pointx on the detection screen as:

〈M〉 = e−|α|
2

∞∑
n,m=0

α?nαm

√
n!m!

〈n|Û†Â† mÂmÛ |m〉,

= e−|α|
2





m!
s


s + 2

s−1∑

j=1

(s− j) cos(j m∆θ)






 . (18)

In Eq. (18), an interference term dependent on them-photon
detector—first RHS term—and a bias term—second RHS

term—are found. Again, a distribution of the probability
of a detection event similar to the classical term is obtained
when the photon counter is set form = 1, and an effective
de Broglie wavelengthλeff = λ/m is observed when the
photon counter is set form ≥ 1. But the resolution of the
interference fringes diminishes as the expectation value for
the number operator of coherent states increases:〈n〉 = |α|2.
This is due to the bias term.

Equation (18) is almost identical to Eq. (17) except for
the factor corresponding to an exponential decay inα. This
effect is shown in Fig. 4 for different values ofα, ranging

FIGURE 4. Quantum interference of a double slit using a two pho-
ton detection process with coherent state forα = 1, 2, 3.
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from 1 to 3. In this particular case, we considered a double-
slit (s = 2), a two photon detection process(m = 2), and
coherent states. It is clear that the contrast decreases as theα
increase. At that moment we loose the ability to observe any
interference.

5. Conclusion

We have presented a simple yet descriptive operator-based
approach to a generalized Young’s experiment. The results
show that the use of anm-photon source and counting de-
tection scheme produces a modification in the modulation of
the interference pattern, giving an effective de Broglie wave-
length of:

λeff = λ/m. (19)

This is the heart of quantum interferometry; basically, the
interference pattern observed is a function of the number state
of the source and the detection process, as stated in the intro-
duction and observed in our results. From quantum mechan-
ics, this could be accomplished by higher order correlations
or using higher order photon detection processes. However,
both methods use the quantum properties of light to describe
interference not as a superposition of electromagnetic waves,
but as the spatial probability in the detection or correlations
in the detection of the photon states. When quantum states
are used, the interference pattern observed has the signature
of an effective de Broglie wavelength [Eq. (19)].

Advances in new photon detectors, especially the case of
VLPC, have made it possible to observe higher order quan-
tum interferometry [24]. This particular detector was devel-
oped for a particle tracking system [25]. It could be used as
the photon counting device required to observe the interfer-
ometry fringes predicted by quantum analysis. The operation
of a VLPC is similar to an avalanche photodiode; in this case
the number of absorbed photons in a light pulse is obtained
by measuring the height of the current pulse from the detec-
tor [26]. One can take advantage of this technology and do
higher order quantum interferometry.

A proposed experimental set-up would require a highly
attenuated laser where the mean value of photons could be
considered small. The light from this source should impinge
on a double slit. Finally, with a VLPC, the photon states
would be detected using the height of the current from the
detector; this could be done for each of the number of pho-
tons states. One will be able to observe the quantum interfer-
ence described here by scanning the detector parallel to the
Young’s screen.

The authors realize that in this operator-based study of
Young’s experiment, they have used a very simple applica-
tion, since for the analysis they have not considered proper
wave packets. But taking into consideration proper wave-
packets would involve more confusing procedures and ob-
scure the main point. This said, consider our presentation
for the sake of showing the result of surpassing the Rayleigh

diffraction limit using quantum interferometry. For an ad-
vanced theoretical discussion of position representation, we
recommend reading [27,28].

As a final note, for practical applications of a scheme
such as the one presented here —e.g.quantum lithography—
it would be necessary to haven-photon sources along with
materials which arem-photon absorbers, in order to exploit
this theoretical prediction to surpass the Rayleigh diffraction
limit. As results show, even the use of materials that arem-
photon absorbers with coherent-like states of light would lead
to poor resolution if the mean photon number were large. An-
other important fact to consider in quantum lithography is the
contrast between fringes. Thus, there is no need to have a bet-
ter resolution if the contrast is lost. Some of current state-of-
the-art research is directed towards using the quantum prop-
erties of light to create better and smaller electronic chips by
increasing resolution and contrast [9].

Another approach is to take advantage not only of these
higher-order effects but also of higher order correlations in
space and frequency, and apply them to microscopy [10].
This effort is driven by the fact that an increasingly better
and higher resolution is required to study how molecules
move and interactin vivo. Other methods that do not
use these higher-order correlations have been implemented
in microscopy that exceeds the classical limit of diffrac-
tion [29,30]. However, such effects do not use the quantum
properties of light as the basic mechanism for improving res-
olution.

Appendix: Photon Detection

It is well known that, experimentally, the detection process
happens via photon absorption by different means. Most
commonly, this process is realized by photo-ionization. This
means that the electric field associated with this process is
the one that is measured. For this purpose it is convenient to
start with a definition of the complex electric field operator
that is obtained from the field quantization. The electric field
operatorÊ(x, t) consists of two parts that could be shown
explicitly with time- and space- dependence:

Ê(x, t) = Ê(+)(x, t) + Ê(−)(x, t). (A.1)

Each of the components can be represented as a function of
the creation̂a† and annihilation̂a operators like

Ê(+)(x, t) = ı
∑

k

(
~ωk

2ε0V

)1/2

εkâk

× exp(−ıωkt + ık · x), (A.2)

with a complex conjugate described by

Ê(−)(x, t) = −ı
∑

k

(
~ωk

2ε0V

)1/2

εkâ†k

× exp(ıωkt− ık · x). (A.3)

Rev. Mex. F́ıs. E53 (1) (2007) 97–105



104 H. SANABRIA AND B.M. RODRÍGUEZ-LARA

Such operators need to satisfy the following:

Ê(+)(x, t)|0〉 = 0, (A.4)

〈0|Ê(−)(x, t) = 0. (A.5)

In other words, the process of absorption or annihilation in
the vacuum state is null.

In the real world, a photographic plate or a photomulti-
plier tube (PMT) absorbs one or more photons. This process
can be explained by the photoelectric effect. For a PMT, the
absorption of a photon by an atom causes excitation of an
electron from a bound state to a free state in which it can
be released from the atom altogether. However, one can de-
scribe these transitions made by the electric field at detection,
without going into the details of how radiation interacts with
matter. For example, if one considers an ideal photon detector
that is frequency-independent, one can write the probability
of transitions from an initial state to|Ψi〉 to a final state|Ψf 〉
as the sum of all the transitions squared:

∑

f

|〈Ψf |Ê(+)(x, t)|Ψi〉|2

= 〈Ψi|Ê(−)(x, t)Ê(+)(x, t)|Ψi〉. (A.6)

A simpler way to write this is to consider an operatorN̂ ,
sometimes called intensity operator, as a function of the cre-
ation and annihilation operators like

N̂ = Ê(−)(x, t)Ê(+)(x, t), (A.7)

∝ â†â, (A.8)

such that when averaged it gives the number of photons de-
tected by the process described above.

In the generalized Young’s experiment, the screen could
be thought of as a multiplexor, where the initial state is di-
vided into multiple modes,j, each of which has correspond-
ing annihilation (̂A) and creation operators (Â†). Thus, one
could define an operator̂A that corresponds to the sum of all
the annihilation operators of each of the nodes of the field and
were written

Â =
s∑

j=1

âj , (A.9)

where the operator̂aj is the annihilation operator for thej-th
node. Similarly the complex conjugate is defined as

Â† =
s∑

j=1

â†j . (A.10)

A number operator can similarly be defined by the multipli-
cation of the previous two equations

N̂ = Â†Â. (A.11)

The properties of the previously defined operators is sum-

marized in the commutation relationships given by

[Â, Â†] =
s∑

j=1

[âj , â
†
j ] = −s, (A.12)

[Â†, Â] =
s∑

j=1

[â†j , âj ] = s, (A.13)

[N̂ , Â] = [Â†, Â]Â, (A.15)

[N̂ , Â†] = Â†[Â, Â†]. (A.16)

When such operators interact with the states of the sys-
tem, they do so in the following way:

Â|ψY,n,s〉 =
√

n|ψY,n−1,s〉, (A.17)

Â†|ψY,n,s〉 =
√

n + 1|ψY,n+1,s〉, (A.18)

N̂ |ψY,n,s〉 = n|ψY,n,s〉 (A.19)

It is clear to see that

Âm|ψY,n,s〉 =

√
n!

(n−m)!
|ψY,n−m,s〉, n ≥ m (A.20)

Â†m|ψY,n,s〉 =

√
(n + m)!

n!
|ψY,n+m,s〉, (A.21)

One can compute the temporal evolution of the annihila-
tion operator given by:

Â(t) = Û†(t)ÂÛ(t), (A.22)

using all the geometric considerations exposed in the main
part of this letter—as:

Â(t) = eı
∑

j θj n̂j
∑

k

âk e−ı
∑

l θln̂l ,

=
s∑

j=1

eıθj n̂j âj e−ıθj n̂j ,

=
s∑

j=1

eıθj n̂j e−ıθj(n̂j+1)âj ,

=
s∑

j=1

e−ıθj âj ,

= e−ıθ1

s∑

j=1

e−ı(j−1)∆θâj , (A.23)

where we have defined∆θ = θn − θn−1, thanks to the ge-
ometry of the problem. The same can be done for the adjoint
of Â, or creation operator.

Finally, for multiphoton detection, the detection process
is given by the simultaneous annihilation ofm-photons or
Âm such that one can define anm-photon counter,̂M , which
“click asm-photons arrive”:
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M̂ = Â† mÂm =


eıθ1

s∑

j=1

eı(j−1)∆θâ†j




m (
e−ıθ1

s∑

k=1

e−ı(k−1)∆θâk

)m

(A.24)

=




s∑

j=1

eı(j−1)∆θâ†j




m (
s∑

k=1

e−ı(k−1)∆θâk

)m

. (A.25)

The time evolution of this operator can be easily calculated from Eq. (A.23).

i. For a current review on understanding what a photon is, we
suggest Ref. 3.

ii. For a graphic description of this topic we recom-
mend the reader to look at the following on-line trailer,
http://www.whatthebleep.com/trailer/doubleslit.wm.low.html.

iii. Most of the assumptions used are presented with the sole pur-
pose of clarifying the concepts that will give rise to an effec-
tive de Broglie wavelength that surpasses the Rayleigh classical
limit of diffraction.
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