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High-contrast interaction-free quantum imaging method
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Quantum imaging techniques offer enhanced resolution, contrast, and precision at ultralow illumination levels
compared to traditional imaging approaches. Relying on the unique properties of entangled photon pairs, two of
these techniques stand out: the correlation-based quantum imaging technique provides visibility enhancement
in imaging of a low-reflectivity object which is subject to excessive noise and losses, while the interaction-free
ghost imaging allows for probing the presence of an object with an ultimately low number of photons. Here we
propose a quantum imaging scheme that combines the unique advantages of these two approaches. We show that
this scheme offers high-contrast imaging of objects with a minimal number of photons that can minimize thermal
noise efficiently and create background-free images. We anticipate that this approach can find application in the
imaging of photosensitive biological tissues in a noninvasive and harm-free fashion.
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I. INTRODUCTION

Quantum imaging is a method that creates images from
objects thanks to entangled beams, which can even produce
images by a light that has never physically interacted with the
object [1–3]; this is one of the unique and essential points of
this imaging method. Some important quantum imaging tech-
niques are ghost imaging, lithography, and quantum sensing.
These methods use quantum correlations between entangled
photon pairs. Correlation is one of the basic features of quan-
tum mechanics, which improves image resolution compared
to classical imaging [4]. Quantum and classical spatial corre-
lations can be considered a gateway for developing quantum
imaging techniques. For this reason, measuring and study-
ing the correlation between photon pairs in quantum systems
is one of the most important topics in quantum imaging,
quantum information, and computation [5,6]. To create en-
tanglement between two photons, we need a nonlinear factor
by which the two produced photons do not follow Maxwell’s
linear equations and provide a nonlinear optical field. The
two entangled photons are completely correlated so that by
examining the information of one beam, the information of
the other beam can be obtained. It should be noted that this
complete correlation is not created by the classical source.
One of the most important processes that produces two en-
tangled beams from another input beam is the spontaneous
parametric down-conversion (SPDC) process in which a laser
light passes through a nonlinear crystal, e.g., beta barium
borate (BBO), and is then separated into two entangled
beams. Basically, quantum imaging protocols use two-arm
configurations, where in one arm a single-pixel detector is
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placed in front of the object, and in the other arm a multipixel
scan detector that does not see the object is used. According
to this configuration, the arm in which the object is located is
called the signal arm and the other arm is called the reference
arm. The object is illuminated by the signal beam, and the
idler beam is sent in the reference arm as a quantum copy of
the signal beam, but received by another detector. Finally, the
image intensity of the quantum imaging method is obtained
by using the convolution between the object distribution func-
tion and a second-order point-to-point correlation function
between the two detectors [6–8].

II. PROPOSAL FOR HIGH-CONTRAST
INTERACTION-FREE QUANTUM IMAGING METHOD

Here, we would like to propose an imaging technique,
using the correlation-based quantum imaging (CBQI) and
interaction-free ghost imaging (IFGI) methods, to see whether
a new quantum optical method is possible for imaging with
fewer photons than conventional imaging techniques, but with
better visibility and resolution even if the detected photons
did not previously interact with the object in a noisy environ-
ment [9]. To realize this purpose, we use the interaction-free
ghost imaging method, which was recently introduced and
performed in experiments [10,11].

A. Correlation-based quantum imaging (CBQI)

In imaging systems, when a low-reflection target is placed
in environments with high levels of loss and noise, the noise
photons will overwhelm the original signal photons at the
receiver due to low initial power. Therefore, the probability of
error increases as noise photons are detected at the receiver,
implying that an object is present even if it is not. In this case,
target detection can be a big problem. Entanglement can be
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FIG. 1. A simple demonstration of the correlation-based quantum imaging (CBQI) protocol when one of the entangled beams (i.e., signal)
is illuminated to an object with transmissivity ε and the other one (i.e., idler) remains intact. This is similar to the quantum illumination setup
that only determines whether or not there is a target, and this correlation-based imaging method is different from the quantum radar concept in
terms of continuous variables (e.g., two-mode squeezed states) [12–15].

used to better distinguish between noise photons and signal
photons and decrease the probability of error. For instance,
the quantum illumination protocol is used to detect the pres-
ence or absence of a low-reflection object located in a noisy
environment [12]. In this method, the signal beam directly
illuminates the object and the idler beam is retained for use
in a joint measurement on the return signal. Then, if part of
the signal is reflected, it indicates that an object is present,
otherwise there was no object. It should be noted that most
of the signal is often lost, and if there is an object, only a
small part of it returns. When the signal beam illuminates the
object, the object is immersed in thermal radiations and noise,
so we must be able to distinguish all reflected light from the
background of the noise. Therefore, if two entangled beams of
the signal and idler are used in this method and then a quantum
measurement is performed on the return beam from the object
and the idler beam, the quantum process will be more sensi-
tive. In our imaging technique, we assume that the reflectivity
of the object can be replaced with the transmissivity of that
versus the signal beam (see Fig. 1).

Recently, Padgett et al. have performed imaging via
correlation-based quantum imaging and obtained significant
quantum advantage [5]. In their experiment, spatial quantum
correlations were used in entangled photon pairs generated
by the SPDC process. Both beams are received by differ-
ent regions of an electron-multiplying CCD (EMCCD) array
detector. EMCCD has a benefit to obtain the correlation be-
tween each pair of rays that is received in the detector arrays.
In fact, AND operations [5] are used to improve the image
quality and visibility. This pixel-by-pixel operation is per-
formed between two regions of the array detectors that have
received SPDC rays, to choose the preferable pair of corre-
lated photons, and reject the sensor noise and uncorrelated
background light. The result will be that the correlation-
based quantum imaging AND image resulting from the sum
of the AND operations will have a better visibility than the
classical image that includes both sensor noise events and
background illumination events; also, the final correlation-
based quantum imaging AND images will have no background.
It is important to note that although, in the presence of high
noise and loss, both images obtained from conventional and
correlation-based quantum imaging ANDmethods are affected,
the correlation-based quantum imaging protocol performs bet-
ter than a conventional one. Additionally, by increasing the
levels of thermal illumination, the correlation-based quantum
imaging AND image has better visibility compared with the

conventional image. Moreover, by adding losses to the imag-
ing operation, the visibility of the image obtained by the AND

operation will drop much slower than the visibility of the
conventional image.

In the following, we will show that how we use the benefit
of the CBQI method in our imaging protocol.

B. Interaction-free ghost imaging (IFGI)

Researchers have always sought to improve the resolu-
tion of the images and have proposed various experiments
and configurations to achieve it. One idea is to merge the
two methods of interaction-free imaging and ghost imaging
[2,3,10,16], i.e., called interaction-free ghost imaging, which
has the advantages of both methods.

Generally, the interaction-free technique is a detection
method involving a single photon passing through the inter-
ferometer to reveal the presence of an object placed in one
of the interferometer’s arms. If no object exists in one of the
interferometer arms, then the photon interferes constructively
with itself and is received only by one exit port. On the other
hand, if the object is placed in an interferometer arm, the
photon interference is disturbed and it is possible to receive
photons from both exit ports. Placing an object in an interfer-
ometer arm changes the path difference between two beams
and the interference pattern. Therefore, the second exit port
only receives photons if an object is in one of the interferome-
ter arms. The strength of this method is that this photon never
interacts with the object, but can detect its presence. On the
other hand, conventional ghost imaging uses entangled photon
pairs from the SPDC process to capture from an object. In
this configuration, one entangled photon illuminates the object
and is detected by a bucket detector, and another one without
any interaction is sent to a camera. Finally, by measuring
the coincidence photons at these two detectors, an image is
produced on the camera.

For the IFGI configuration, as shown in Fig. 2, an entangled
photon pair from the SPDC process is separated into signal
and idler beams by a 50/50 beam splitter. A Mach-Zehnder
interferometer is placed along the path of the signal beam, and
a bucket detector is used at each of the interferometer’s two
output ports. As explained, if there is no object in the interfer-
ometer arms, then the photon interference is constructive and
is recorded only in detector D3, called a constructive detector.
Still, if an object exists in one of the interferometer arms, the
photon interference is destructive and both bucket detectors

032611-2



HIGH-CONTRAST INTERACTION-FREE QUANTUM … PHYSICAL REVIEW A 107, 032611 (2023)

FIG. 2. Interaction-free ghost imaging (IFGI) protocol. Entan-
gled photons are produced during the SPDC process and separated
into signal b̂′ and idler b̂2 fields. The operators ĉ1 and ĉ2 passed the
two interferometer arms by acting the signal field on BS1. Then the
operator ĉ1 acts on the object with transmission ε, and two operators
ĉ2 and d̂ interact with each other on BS2. Finally, two fields b̂1

and b̂′ are received by detector D1 and D3, respectively. Image 1 is
obtained from measuring coincidence photons between destructive
detector D1 and detector D2, and similarly image 2 is obtained from
measuring coincidence photons between constructive detector D3

and detector D2.

may detect photons. Further, the idler beam is received by
D2, triggered once by constructive bucket detector D3 and
another time with destructive bucket detector D1 to measure
coincidence photons between the signal and idler beams and
create two images. Finally, two images are obtained from two
interferometer’s output ports by subtracting them from each
other; even though fewer photons illuminate the object, we
can get an image with the same or even better quality than
conventional ghost imaging. This feature can be essential in
imaging objects susceptible to light, such as some biological
tissues.

To investigate the formed image using any quantum imag-
ing techniques, it is necessary to calculate the most significant
parameter, i.e., the signal-to-noise ratio (SNR). The SNR can
be defined as the ratio of the mean contrast to its standard
deviation,

SNR = |〈Sin − Sout〉|√
〈δ2(Sin − Sout)〉

, (1)

where δS = S − 〈S〉 is the standard deviation and 〈〉 repre-
sents the theoretical expectation value. Here, Sin(Sout) is the
photon-number correlation function between the total photon
numbers of the signal and idler at their detectors for a set of
M times when the object is placed in the interferometer (there
is no object) [17],

S = G(2)(x) ≡ E [NiNj (x)] = E [̂b+
i b̂ib̂

+
j b̂ j], (2)

where G(2)(x) is the second-order correlation function be-
tween the intensities, Ni = b̂+

i b̂i is the total number of the
signal photon which is detected by the bucket detector Di,

Nj (x) = b̂+
j b̂ j is the total number of idler photons, which is

detected at point x in the camera Dj , and E [x] = 1
M

∑M
m=1 xm

is the average over the set of M frames. As shown in Fig. 2, in
the presence of an object, two images of the object are recon-
structed from two outputs, once by measuring the correlation
function G(2)(x) between N1 and N2(x) which produces image
1, and another time between N3, the total number of photons
collected at the bucket detector D3, and N2(x) which produces
image 2.

Now we start from the SPDC Hamiltonian and the relation
between the input and output of the signal and idler fields
produced from the SPDC process to obtain the signal and idler
operators at their detector’s plane. The SPDC Hamiltonian is
written as below [18–21],

ĤSPDC =
∑
k,ω

ih̄ζ (kP, ωP )(̂a+
1 (ks, ωs )̂a+

2 (ki, ωi ) + H.c.), (3)

where the operator â+
i is the creation operator of the signal

(i = 1) and idler (i = 2) at the input face of the crystal and
ζ (k, ω) corresponds to the pump beam power. Also, kP,s,i

and ωP,s,i are the transverse wave vector and frequency of
the pump, signal, and idler, respectively. By substituting the
detuning frequency of the signal and idler photons ω from the
central pump frequency ωP

2 and the symmetric and correlated
transverse wave vector k, we can rewrite the Hamiltonian,

ĤSPDC =
∑
k,ω

ih̄[ζ â+
1 (k, ω )̂a+

2 (−k,−ω) + H.c.]. (4)

Now the operator of signal b̂′(k, ω) and idler b̂2(k, ω) at the
output face of the crystal can be defined [22,23],

b̂2(k, ω) = U (ζ )̂a1(k, ω) + V (ζ )̂a+
2 (−k,−ω), (5)

b̂′(k, ω) = U (ζ )̂a2(k, ω) + V (ζ )̂a+
1 (−k,−ω), (6)

where U (ζ ) = cosh(ζ ) and V (ζ ) = sinh(ζ ), and the mean
photon number is N̄ = V (ζ )2. Now the operators ĉ1(k, ω) and
ĉ2(k, ω) after the first beam splitter are given by

ĉ1(k, ω) =
√

T b̂′(k, ω) + i
√

R̂ν, (7)

ĉ2(k, ω) =
√

T ν̂ + i
√

Rb̂′(k, ω). (8)

Here, ν̂ is the annihilation vacuum field, and T and R are
the transmission and reflection coefficients where R + T = 1.
As the object is placed in one arm of the interferometer, the
operator ĉ1(k, ω) acts on the object with transmission ε, so we
have

d̂ (k, ω) = √
εĉ1(k, ω) + i

√
1 − εν̂ ′, (9)

where ν̂ ′ is an annihilation vacuum field. Finally, two inter-
action beams ĉ2(k, ω) and d̂ (k, ω) act on BS2 and two signal
detection fields on the D1 and D3 detector planes are given by

b̂1(k, ω) =
√

Rd̂ (k, ω) + i
√

T ĉ2(k, ω), (10)

b̂3(k, ω) =
√

Rĉ2(k, ω) + i
√

T d̂ (k, ω). (11)

At this point, the evaluation of the photon-number corre-
lation and its fluctuation requires expressions for the first- to
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FIG. 3. The SNRs for the obtained images from ghost imaging (GI) and interaction-free ghost imaging (IFGI) techniques, plotted as a
function of mean photon number N̄ . The red solid line corresponds to the GI image, the blue dashed line corresponds to the destructive output
of IFGI setup D1, and the yellow dash-dotted line corresponds to the constructive output of IFGI setup D3. The SNRs are determined with the
BS transmission and reflectivity coefficients R = T = 0.5 and ε = 0.1, (a) η = 1.0 and (b) η = 0.5.

fourth-order moments of the intensity. Brida et al. obtained
the correlation between the readings of the bucket detector
and those of an arbitrary pixel in the reference arm for GI pro-
tocol [21]. It is enough for the IFGI setup, which includes an
interferometer, to substitute the single-mode photon-number
statistics with the above relations. According to the IFGI
setup, the single-mode photon-number statistics for each de-
tector is given by

〈n1〉 = η1N̄ (
√

εRT −
√

RT )2, (12)

〈n2〉 = η2N̄, (13)

〈n3〉 = η1N̄ (R + T
√

ε)2, (14)

where η1,2 is the efficiency of the signal and reference arm,
respectively. Therefore, the higher-order moments are written
as below,

〈
n2

1

〉 = η1N̄ (
√

εRT −
√

RT )2 + 2η2
1N̄2(

√
εRT −

√
RT )4,

(15)

〈
n2

2

〉 = η2N̄ + 2η2
2N̄2, (16)

〈
n2

3

〉 = η1N̄ (R + T
√

ε)2 + 2η2
1N̄2(R + T

√
ε)4, (17)

〈n1n2〉 = η1η2(2N̄2 + N̄ )(
√

εRT −
√

RT )2, (18)

〈n3n2〉 = η1η2(2N̄2 + N̄ )(R + T
√

ε)2, (19)

〈
n2

1n2
〉 = η1η2(2N̄2 + N̄ )(

√
εRT −

√
RT )2

+ η2
1η2(6N̄3 + 4N̄2)(

√
εRT −

√
RT )4, (20)

〈
n2

3n2
〉 = η1η2(2N̄2 + N̄ )(R + T

√
ε)2

+ η2
1η2(6N̄3 + 4N̄2)(R + T

√
ε)4, (21)

〈
n2

1n2
2

〉 = η1η2(2N̄2 + N̄ )(
√

εRT −
√

RT )2

+ η2
1η2(6N̄3 + 4N̄2)(

√
εRT −

√
RT )4

+ η1η
2
2(6N̄3 + 4N̄2)(

√
εRT −

√
RT )2

+ η2
1η

2
2(24N̄4 + 24N̄3 + 4N̄2)(

√
εRT −

√
RT )4,

(22)〈
n2

3n2
2

〉 = η1η2(2N̄2 + N̄ )(R + T
√

ε)2

+ η2
1η2(6N̄3 + 4N̄2)(R + T

√
ε)4

+ η1η
2
2(6N̄3 + 4N̄2)(R + T

√
ε)2

+ η2
1η

2
2(24N̄4 + 24N̄3 + 4N̄2)(R + T

√
ε)4. (23)

Now we consider an ideal case of the quantum efficiency in
both arms, η1 = η2 = η, and the transmission and reflection
coefficients R = T = 0.5. Figure 3 represents the SNRs for
the GI and IFGI images as a function of the mean photon
number. As can be seen, image 1, produced by measuring
the photon-number correlation function between detectors D2

and D1, has a significantly higher SNR than the GI image
even with less mean photon number, and this advantage is
preserved by increasing the mean photon number. Therefore,
the use of an interferometer in the configuration of the quan-
tum imaging system can prevent the destruction of the sample
due to collision with a large number of photons. Also, its
image from destructive output has a higher resolution. As
a significant result, we propose to use an interferometer in
a correlation-based quantum imaging setup to achieve these
advantages.

C. Interaction-free quantum imaging (IFQI) method

Now we are at the point of introducing our proposed
method utilizing CBQI and IFGI methods in a merged setup.
The technique of CBQI here is mainly based on the quan-
tum correlations between entangled beams and removing
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FIG. 4. The diagram indicates passing photons in the absence
and presence of the object in the interferometer. For simplicity, we
assume R1 = T2 = R and T1 = R2 = T . (a) For the absence of the
object, the photon has entered the interferometer and is received by
constructive detector (D3). (b) When the object is located in one of
interferometer arms, the input photon may be detected in both the
constructive detector (D3) and destructive detector (D1).

thermal noise due to no correlations with entangled beams,
to have a higher SNR and visibility for the imaging of the
object [5]. We call our suggested technique interaction-free
correlation-based quantum imaging (CBQI) and elaborate it
in the following. As you can see in Fig. 5, we use pairs of
entangled photons that were produced by the SPDC process.
Two beams, the signal and idler, are transmitted to the detec-
tors in separated paths. In the path of the signal beam, we use
an optical interferometer [i.e., an asymmetric Mach-Zehnder
interferometer (MZI)], where an object is placed in one of
the arms of the MZI. Then we place a bucket detector in the
path of each of the interferometer outputs to receive the output
beams from each port.

Depending on the presence or absence of the object, the
photon passing through the interferometer is received by D1

or D3. As you can see in Fig. 4(a), if the object is not present,
the photons in the interferometer will interfere with each other

and all of them will be received by D3; in other words, no
photon will be received by D1. Under these conditions, the
probability of detecting a single photon will be P(D3) = 1 and
P(D1) = 0. But if the target is placed in one of the interferom-
eters arms, as shown in Fig. 4(b), then the interference will be
disturbed and the output photons from the interferometer may
be received by both detectors. Two detectors, D3 and D1, show
us the constructive and destructive interferences and are called
the constructive and destructive exit ports, respectively. If the
first and second beam splitters in the interferometer have re-
flectivity R1 and R2, and transmissivity T1 and T2, respectively,
then the detection probability by D3 will be P(D3) = R1T2.
This detection is caused by the first BS reflection and second
BS transmission. We should note that D3 does not give us
information about the presence or absence of the object be-
cause this detector can detect, in both cases, the presence and
absence of the object. In fact, in this experiment, the detection
of D1 is important to us because only then we will find out that
there was an object in the interferometer arm. This detection
occurs when the first and second BSs reflect a photon, so the
probability of that is P(D1) = R1R2. The important point is
that no photon is absorbed by the object because we have
sent only one photon into the interferometer and it has been
received by D1. This is why we call this method interaction
free, because the presence of an object is determined without
the direct interaction of the detected photon with the object
(see Fig. 6).

The advantage of using an interferometer is that fewer pho-
tons interact with the object and images with the same or even
better resolution will be produced, compared to correlation-
based quantum imaging. For example, in correlation-based
quantum imaging, if an average of N̄ photons enter an inter-
ferometer to detect the object, when there is no object, all the
N̄ photons will be received by a detector and, in the presence
of the object, all the N̄ photons will be absorbed or scattered
by the object. Therefore, the difference between the number
of photons received in the presence and absence of the object
in the detector will be �NC = −N̄ .

FIG. 5. Experimental setup of IFQI. In this scheme, M1, M2, and M3 are mirrors and BS1 and BS2 are beam splitters in the interferometer. A
BBO crystal is pumped by a laser beam to produce entangled photon pairs via the SPDC process. One photon is sent into an interferometer with
the object to be interrogated; the second photon is sent to a detector where the image of the object is formed. The thermal background is sent
to the two lenses L1 and L2 to overlays the signal beam, and then received by two detectors D1 and D3. On the other hand, in the other arm, the
idler beam is received by the D2 detector. Then, in order to increase the resolution and remove the background, AND operations are performed
on the obtained data from both detectors. In fact, each single pixel is a single-photon detector and in each time step only two photons click
on two random pixels (e.g., pixels i and j) and the EMCCD camera can measure the correlations between each of the two incident photons.
If the correlations approach zero (e.g., between a thermal noise photon and a signal photon), then the AND algorithm ignores them. If there is
significant correlation, the algorithm keeps them.
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FIG. 6. (a) The interaction-free quantum imaging (IFQI) setup
takes the role of the idler beam at D2 into account. The correlation
between the signal and the idler beams at D1, D2 is analyzed via the
AND algorithm, and (b) the IFQI protocol with a transparent IFGI
box. The advantage of using IFGI in the correlation-based quantum
imaging method is forming images with a lower number of photons
but with higher visibility, even with the feasibility of the formation
of the images with photons that never interacted with the target.

III. ASSESSMENT OF THE OUTPUTS: SIGNAL-TO-NOISE
RATIO (SNR), VISIBILITY, POWER, AND ADVANTAGE

The clarity of the image details is a very important feature
of each imaging technique. For imaging methods, from the
smallest details to the largest parts of the image, all depend on
the parameters of the imaging technique that we use. We in-
tend to study the general parameters of quantum imaging and
their relation to other image characteristics. The quantity of
the signal-to-noise ratio is one of these parameters that we are
interested in examining. In fact, this parameter is a criterion
that compares the desired signal level to the background noise
and is defined as the ratio of signal power to noise power. The
unit of this quantity is decibels and its mathematical definition
can be expressed as follows:

SNR = |�I|
σ (�I )

, (24)

where �I = Iin − Iout is the difference of the average intensity
values, inside and outside the object profile, respectively, and
σ := σ (Iin − Iout) is the standard deviation of this difference.
From the above definition, it is understood that if the value of
this parameter is high, the images will have better resolution.

Another important parameter in quantum imaging is visi-
bility. This quantity indicates that the image of the object is
how recognizable it is from the background. If we consider
Imax as the number of reflected photons from an object, i.e., the
bright area intensity of the image, and Imin as the number of
photons left from the beam that are not reflected and produce
the background, i.e., the dark area intensity of the image, then
the image visibility can be defined as follows:

V = Imax − Imin

Imax + Imin
. (25)

Obviously, if the value of this parameter is high, then
the image visibility will be better. Therefore, each imaging
method that has a better signal-to-noise ratio and visibility

will be a more desirable method for performing the imaging
process.

In the interaction-free protocol as shown in Fig. 4, for
simplicity, we assume R1 = T2 = R and T1 = R2 = T , so if an
average of N̄ photons enter the interferometer, in the absence
of the object, N̄ photons will be received by the constructive
interference exit port and no photons will be received by
another one. On the other hand, in the presence of the object,
N̄R2 photons are detected by the constructive exit port and
N̄RT = N̄R(1 − R) photons are received by the destructive
exit port. Therefore, for the IFQI method, a change in pho-
ton number at the constructive and destructive exit port is
N̄R2 − N̄ and N̄RT , respectively. Now, if we subtract these
changes, then the change in number of the received photon in
the IFQI method can be calculated as follows:

�NIFQI = N̄ (R2 − RT − 1). (26)

For the values of R = T = 0.5, the change in number of
photons in the IFQI and CBQI is equal, �NIFQI = �NC, i.e.,
the number of received photons by the detectors will be the
same in both methods, but in the IFQI, we see that half the
number of photons interact with the object compared to CBQI.
Therefore, by using an interferometer, the same number of
received photons can be obtained with a smaller number of
interacting photons.

In an experimental setup, background light and environ-
mental noise affect the image properties such as SNR and
visibility. Therefore, in order to simulate the real-world condi-
tions, we use a thermal light as the incoming background light
to overlay the signal beams at both D1 and D3. In fact, because
thermal light has a similar distribution to environmental noise,
we use thermal light as a background light. Now in order to
eliminate image backgrounds and have better performance in
noisy environments, we use an advanced detection protocol
by the AND operation.

This pixel-by-pixel operation is performed between the two
regions of D2 and D1. In this operation, pairs of correlated
photons are preferably selected and uncorrelated background
light and noise are not considered. Then we add the data in
opposite positions of the correlation peak within the same
frame to create an AND image. Finally, we perform the AND

operation on a number of frames and collect all the obtained
images together to form the final IFQI image.

Conventional method. In the conventional method, the ac-
quired image is produced by the simple sum of the raw data.
Since this image is obtained without using AND operations (or
quantum correlations), we may call it somehow as a conven-
tional image.

In the next sections, we will see that an AND image, i.e.,
constructed by summing the results of AND operations, has
a better resolution and visibility than the conventional image
because, unlike the conventional image, it contains correlated
data and does not include noise and background light. In fact,
this advantage is due to the preferential selection of correlated
photon pairs and the elimination of uncorrelated photons due
to noise or background light. It is important to note that in
the presence of noise and loss, this advantage of the IFQI
protocol is maintained. Our expectation of the IFQI method is
increasing the resolution and visibility of images with fewer
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interactive photons, performing better in noisy environments,
and rejecting backgrounds.

In order to analyze the benefits of using the AND operation
in the quality of the images, we need to determine the SNR of
the IFQI image through the AND operation and conventionally
acquired image. So we present the description of both the
IFQI image and the conventionally acquired image theoreti-
cally. We define two image variables from two exit ports, as
shown in Fig. 5. For simplicity, we assume a Mach-Zehnder
interferometer with the input BS having reflectivity R and
transmissivity T , and the exit BS having reflectivity T and
transmissivity R. We note η as the apparatus arm efficiency,
i.e., including losses occurring during the correlation-based
quantum imaging. So that, if the efficiency of the reference
arm from the crystal to the camera is η, and if the object
reflectivity is ε, then the signal arm efficiency from the crystal
to the camera will be εη. Also, we define d as the dark count
and T the thermal light in the signal arm to measure the ability
of our IFQI scheme under different thermal light and noise
levels.

In general, if an average of N̄ photons enters each signal
and the reference arm from the SPDC process, then in the
absence of an object, N̄ photons will be detected in one of
the exit ports. Therefore, in the presence of both noise and
losses, the photon number in the D1 and D2 exit ports of a
conventionally acquired image is NC

D2(ε=1) = N̄ + T + d and
NC

D1(ε=1) = T + d . Also, if the object is placed in the trans-
mission arm of the interferometer, then the photon number
in each exit port will be NC

D2(ε �=1) = N̄R2 + εN̄T 2 + T + d
and NC

D1(ε �=1) = N̄RT + εN̄RT + T + d . Therefore, a change
in photon number will be �NC

D2
= N̄R2 + εN̄T 2 − N̄ and

�NC
D1

= N̄RT + εN̄RT . Subtracting �NC
D1

from �NC
D2

gives
|�NC

D2
− �NC

D1
| = N̄R2 + εN̄T 2 − N̄ − (N̄RT + εN̄RT ). As

the SPDC has Poissonian statistics in the coincidence count,
the standard deviation is then σ (�NC

D2
− �NC

D1
) = N̄R2 +

εN̄T 2 + N̄ + (N̄RT + εN̄RT ).
One can as well express the photon number of the IFQI

image [5], i.e., NQ = εηN + [N (1 − εη) + d][εN (1 − η) +
d + T ].

The photon number in each exit port in the absence of the
object is as follows: NQ

D2(ε=1) = ηN̄ + [N̄ (1 − η) + d][N̄ (1 −
η) + T + d] and NQ

D1(ε=1) = [N̄ (1 − η) + d](T + d ).
And for the case in which an object is placed in the
transmission arm of the interferometer, the photon
number is NQ

D2(ε �=1) = (R2 + εT 2)ηN̄ + {N̄[1 − (R2 +
εT 2)η] + d}[N̄ (R2 + εT 2)(1 − η) + T + d] and NQ

D1(ε �=1) =
(RT + εRT )ηN̄ + {N̄[1 − (RT + εRT )η] + d}[N̄ (RT +
εRT )(1 − η) + T + d]. Now from these equations, the SNR
of the IFQI image and the conventionally acquired image can
be determined by SNR = |�N |

σ (�N ) ,

SNRC =
∣∣�NC

D2
− �NC

D1

∣∣√
σ 2

(
�NC

D2
− �NC

D1

)

=
∣∣(NC

D2(ε �=1) − NC
D2(ε=1)

)∣∣ − ∣∣(NC
D1(ε �=1) − NC

D1(ε=1)

)∣∣
NC

D2(ε �=1) + NC
D2(ε=1) + NC

D1(ε �=1) + NC
D1(ε=1)

,

(27)

SNRQ =
∣∣�NQ

D2
− �NQ

D1

∣∣√
σ 2

(
�NQ

D2
− �NQ

D1

)

=
∣∣(NQ

D2(ε �=1) − NQ
D2(ε=1)

)∣∣ − ∣∣(NQ
D1(ε �=1) − NQ

D1(ε=1)

)∣∣
NQ

D2(ε �=1) + NQ
D2(ε=1) + NQ

D1(ε �=1) + NQ
D1(ε=1)

.

(28)

The SNRs for both the conventionally acquired image and
the IFQI image are demonstrated theoretically in Fig. 7, where
within the same interrogation time, we assume for Fig. 7(a),
on average, N̄ = 0.5, and for Fig. 7(b), N̄ = 10 photons enter
the interferometer, and the thermal light and the dark count are
T = 10 and d = 10. Our main focus in the IFQI technique
is on the objects that have low reflectivity and also noisy
environments, so we assume a very small value for ε and η.
Figure 7 shows that by the fewer photons interacting with the
object, the IFQI image has a better SNR than the conventional
one, even when the thermal light and the dark count are very
high. This advantage is due to the fact that the AND operation
will preferentially keep the photon pairs and will reject most
of the uncorrelated ones that arise from either environmen-
tal noise or unwanted background illumination. From these
results, we can verify that as the number of entire photons,
N̄ , increases, this improvement in quantum image resolution
increases compared to the conventional one.

Here, we observe that the SNR improvement of the IFQI
image holds a maximum value, when R = 0.24. Now we can
investigate the SNR treatment as a function of other parame-
ters at this optimal R. To demonstrate the SNR improvement
of IFQI under the thermal light and the noise, we define the
power P as the ratio between the IFQI SNR through the AND

operation (i.e., the image obtained by keeping only the cor-
related photons through performing the AND operation) and
the SNR of the conventionally acquired image (i.e., the image
acquired simply by summing the signal beam photons),

P = SNRQ

SNRC
(29)

It is also possible to discuss the power P as a function of
T , η, and ε. As shown in Fig. 8, the power decreases with
increasing η. Therefore, we can understand, when environ-
mental noise is very high, i.e., η is small, that the IFQI SNR
through the AND operation will be approximately three times
better than the conventional SNR. It is important to note that
the advantage of the IFQI SNR through the AND operation
compared to the classic is maintained with the addition of
thermal light.

From the image presented in Fig. 9, it is seen that the power
increases with the level of the object reflectivity, ε. Obviously,
imaging the object with higher reflectivity produces images
with better SNR, but using the AND operation can enhance the
SNR more. We should note that in noisy environment, i.e.,
η < 0.4, the IFQI image has a better SNR than the conven-
tional one for low-reflectivity objects.

In order to demonstrate the advantage of using the AND

operation in our IFQI scheme to reject the background thermal
light and noise, we have to measure the advantage A, which
is defined in Ref. [5]. This quantity is the ratio between the
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FIG. 7. The SNRs for both the conventionally acquired image and IFQI image as a function of the BS reflectivity, R, are plotted for (a)
N̄ = 0.5 and (b) N̄ = 10. The blue dashed line corresponds to the theoretical prediction for conventionally acquired images and the red solid
line corresponds to the theoretical prediction of using the AND operation. The SNRs are determined with d = 10, T = 10, η = 0.001, and
ε = 0.001.

visibility of IFQI (VQ), which is obtained from correlated
photons using the AND operation, and the visibility of the
conventional image (VC ),

A = VQ

VC
. (30)

Visibility, as defined in Eq. (25), is the ratio between the
difference of the bright region and the dark region intensities
of the final summed image and the sum of these intensities.
If an average of N̄ photons enter each signal and the ref-
erence arm from the SPDC process, then we can write the
photon number that is detected in the bright and the dark
parts of the object of the conventionally acquired image for
the idler exit ports: NC

B,D2(ε �=0) = N̄R2 + εN̄T 2 + T + d and
NC

D,D2(ε=0) = N̄R2 + T + d . Also, these numbers of photons
at detector D1 are NC

B,D1(ε �=0) = N̄RT + εN̄RT + T + d and
NC

D,D1(ε=0) = N̄RT + T + d . Now by subtracting the bright
regions’ intensities of D1 and D2, NC

B,D1(ε �=0) and NC
B,D2 (ε �=0),

FIG. 8. The power as a function of η and T (plotted for N̄ = 0.5,
d = 10, ε = 0.001, and R = 0.24).

from each other, and by subtracting the dark regions NC
D,D1(ε=0)

and NC
D,D2(ε=0), we can rewrite visibility of the conventionally

acquired image as follows:

VC =
∣∣�NC

B,D1,D2
− �NC

D,D1,D2

∣∣
�NC

B,D1,D2
+ �NC

D,D1,D2

=
∣∣(NC

B,D1(ε �=0) − NC
B,D2(ε �=0)

)∣∣ − ∣∣(NC
D,D1(ε=0) − NC

D,D2(ε=0)

)∣∣∣∣(NC
B,D1(ε �=0) − NC

B,D2(ε �=0)

)∣∣+ ∣∣(NC
D,D1(ε=0) − NC

D,D2(ε=0)

)∣∣ .
(31)

One can then write the photon number that is detected in
the bright and dark parts of the object IFQI image for the
idler exit port: NQ

B,D2(ε �=0) = (R2 + εT 2)ηN̄ + {N̄[1 − (R2 +
εT 2)η] + d}[N̄ (R2 + εT 2)(1 − η) + T + d] and NQ

D,D2(ε=0)

= ηN̄R2 + [N̄ (1 − R2η) + d][N̄R2(1 − η) + T + d]. Thus,
for detector D1, we have NQ

B,D1(ε �=0) = (RT + εRT )ηN̄ +
{N̄[1 − (RT + εRT )η] + d}[N̄ (RT + εRT )(1− η) + T + d]

FIG. 9. The power as a function of ε and η (plotted for N̄ = 0.5,
d = 10, T = 10, and R = 0.24).
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FIG. 10. The advantage is obtained as a function of η and T
(plotted for N̄ = 0.5, d = 0.5, ε = 0.001, and R = 0.5).

and NQ
D,D1(ε=0) = ηN̄RT + [N̄ (1 − RT η) + d][N̄RT (1 −

η) + T + d]. Like the conventionally acquired image, the
visibility of the IFQI AND image is given by

VQ =
∣∣�NQ

B,D1,D2
− �NQ

D,D1,D2

∣∣
�NQ

B,D1,D2
+ �NQ

D,D1,D2

=
∣∣(NQ

B,D1(ε �=0) − NQ
B,D2(ε �=0)

)∣∣−∣∣(NQ
D,D1(ε=0) − NQ

D,D2(ε=0)

)∣∣∣∣(NQ
B,D1(ε �=0) − NQ

B,D2(ε �=0)

)∣∣+∣∣(NQ
D,D1(ε=0) − NQ

D,D2(ε=0)

)∣∣ .

(32)

We are now in a position to calculate the IFQI advantage
from Eq. (30).

As the advantage A is a function of experimental parame-
ters, we have plotted it as a function of η and T in Fig. 10,
and as a function of ε and η in Fig. 11. We found that the
advantage increases with increasing both η and T . It means
that the uncorrelated background in the IFQI image can be
rejected more than a conventionally acquired image.

In Fig. 11, we can see the advantage A as a function of ε

and η. As shown in this figure, the advantage decreases with

FIG. 11. The advantage is obtained as a function of η and ε

(plotted for N̄ = 0.5, d = 0.5, T = 0.5, and R = 0.5).

increasing ε. So, we can understand that the AND operation
will perform better, especially for a low-reflectivity object.
In addition, this improvement will increase by decreasing
environmental noise, i.e., increasing η. Since the main focus is
on the low-reflectivity objects, IFQI leads us to our main goal.

IV. SUMMARY

In this research, we were interested to see whether a new
quantum optical method is possible for imaging with fewer
photons than conventional imaging techniques, but with better
visibility and resolution even if the detected photons did not
previously interact with the object. In fact, sometimes a target
is in a situation where an unwanted background is generated
in the image. Here, we have presented an interaction-free
quantum imaging (IFQI) protocol to achieve a resolution
enhancement and background rejection through the AND oper-
ation in the presence of both background light and noise. The
suggested IFQI protocol is a technique for quantum imaging
that has not been tested before. We have analytically derived
and numerically validated the basic parameters in imaging
methods such as SNR and visibility, and have shown the
benefits of this method by introducing two quantities, power
and advantage.

Our IFQI method combines two different techniques:
interaction-free ghost imaging (IFGI) and correlation-based
quantum imaging (CBQI); but with better efficiency, which
has advantages over the two techniques separately. Perhaps
IFQI can somehow be an upgrade of the IFGI protocol; how-
ever, with some significant differences. In the IFGI, there is
no thermal radiation in the setup and the effect of noise is
not considered, while IFQI considers the effects of noise.
In the IFQI method, there is an additional entangled beam
as a reference beam (i.e., it looks like we have two idler
beams) than one idler beam in IFGI. Moreover, IFQI uses the
AND protocol to remove the background and thermal noise
efficiently, while IFGI does not. Our setup reaches higher
transparency than IFGI. Additionally, we have shown in this
paper how an interferometer enhances detection efficiency.

Table I shows a comparison of the four imaging methods
for SNR and visibility, and Table II indicates the benefits
of the IFQI method under different number of incident pho-
tons. However, in order to prove the real advantages of the
technique, it should be tested experimentally, which may find
application in the imaging of photosensitive biological tissues
in a noninvasive and harm-free fashion.

Regarding the structured objects, in the IFGI part of the
setup, the interference between the two paths provides infor-
mation about the presence or absence of objects along the path
of the photon that passes through the object. By repeating this
process many times, a statistical image of the object can be
built up, allowing its structure to be determined [10]. This
method is referred to as “interaction free” because the object
is not physically disturbed; only its presence or absence is
determined. Moreover, the object’s spatial properties can be
reconstructed by collecting data from different angles and
using methods such as tomography [24], which can collect
data from different angles and use mathematical algorithms to
reconstruct an image of the object. The mathematical
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TABLE I. SNR and visibility of four imaging methods for three different input photon numbers. We assumed R = 0.23, d = 10.0, T =
10.0, η = 0.001, ε = 0.001. Comparisons are between four methods: conventional, correlation-based quantum imaging (CBQI), interaction-
free ghost imaging (IFGI), and interaction-free quantum imaging (IFQI).

Photons/pixel Conventional CBQI IFGI IFQI

SNR N = 0.5 0.07848836 0.02234949 0.06258121 0.20255484
N = 1.0 0.15601568 0.03160696 0.12468741 0.41306164

N = 10.0 1.41265809 0.09994998 1.16967163 5.22410194
Visibility N = 0.5 0.00001249 0.00050025 0.00167671 0.00167673

N = 1.0 0.00002499 0.00050025 0.00167671 0.00167675
N = 10.0 0.00024993 0.00050025 0.00167671 0.00167691

algorithms can be iterative reconstruction techniques [25,26],
a filtered back-projection algorithm [27], the algebraic recon-
struction technique (ART) [24], or multiplexed measurements
[28].
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TABLE II. Power and advantage of our interaction-free quantum imaging (IFQI) method against three other imaging methods: conven-
tional, correlation-based quantum imaging (CBQI), and interaction-free ghost imaging (IFGI). We assumed R = 0.23, d = 10.0, T = 10.0,
η = 0.001, ε = 0.001.

Photons/pixel IFQI/conventional IFQI/CBQI IFQI/IFGI

Power N = 0.5 2.58069895 9.06306092 3.23667196
N = 1.0 2.64756481 13.06869195 3.31277720

N = 10.0 3.69806535 52.26715953 4.46629789
Advantage N = 0.5 134.14072419 3.35179945 1.00001095

N = 1.0 67.07186826 3.35183282 1.00002091
N = 10.0 6.70932663 3.35214795 1.00011492
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