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ABSTRACT

Modeling of photonic devices traditionally involves solving the equations of light–matter interaction and light propagation. Here, we
demonstrate an alternative modeling methodology by reproducing the optical device functionality using a quantum computer. As an
illustration, we simulate the quantum interference of light on a thin absorbing film. Such interference can lead to either perfect absorption or
total transmission of light through the film, the phenomena attracting attention for data processing applications in classical and quantum
information networks. We map the behavior of the photon in the interference experiment to the evolution of a quantum state of transmon, a
superconducting charge qubit of the IBM quantum computer. Details of the real optical experiment are flawlessly reproduced on the
quantum computer. We argue that the superiority of this methodology shall be apparent in modeling complex multi-photon optical phe-
nomena and devices.

VC 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0103361

Quantum computing primarily aims to tackle computational
problems such as integer factorization and unstructured search.1

Beyond this, quantum computers provide a remarkable opportunity to
simulate the behavior of quantum systems2 with emphasis on quantum
chemistry, quantum materials, particle physics, and cosmology.3,4 Here,
we are interested in the application of quantum computing to a simula-
tion of phenomena of quantum photonics and devices based on the first
principles, without relying on the fundamental equations. The core of
the methodology is the creation of a model of a real optical experiment
by developing a simulator-system correspondence, Fig. 1. To provide an
illustrative example, we program the IBM quantum computer5 to imple-
ment a model of the effect of a single-photon interference on a thin
absorber.6 This phenomenon7,8 is of great interest for fundamental
research9–11 as well as for practical applications in light harvesting,
detection,12 sensing,13 and photonics data processing.14–16

In classical optics, interference of coherent light waves on a thin
absorber can eliminate the Joule losses of light energy or can lead to
the total absorption of light depending on the phase relationship of the
interfering waves.7 Interference on a thin absorbing film was also
extensively studied in quantum optics.6,17–25 For instance, it was dem-
onstrated that, despite the probabilistic nature of single-photon

absorption in a traveling wave, the regimes of deterministic absorption
and deterministic transmission of a photon can be achieved in a stand-
ing wave.6 Below, we show how to model this experiment on a quan-
tum computer.

A sketch of the setup, used in the experiment of Ref. 6, is shown
in Fig. 2(a). The photon enters the interferometer through the 50:50
beam splitter (BS) (step 1) where it can be either transmitted to one or
the other arms of the interferometer. The phase delay u between the
interferometer’s arms is used to control the inner phase of a single
photon wavefunction (step 2), so in the bra ket notation propagation
through the interferometer can be written as

Aj iP !
1
ffiffiffi
2
p Aj iP þ eiu Bj iP
� �

; (1)

where Aj iP and Bj iP identify the path of the photon, Fig. 2(a). This
wavefunction interferes on a thin absorber (a plasmonic metamaterial
film of a subwavelength thickness in the experiment) placed in the mid-
dle of the interferometer (step 3). The absorber is designed to have equal
reflection and transmission coefficients of 25% and traveling wave
absorption of 50%. The absorber becomes totally transparent if the pho-
ton is prepared in the anti-symmetric state, Aj iP � Bj iP

� �
=
ffiffiffiffi
2;
p
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(u ¼ pÞ. In contrast, the symmetric state of the photon,
Aj iP þ Bj iP
� �

=
ffiffiffi
2
p

, (u ¼ 0Þ; is deterministically dissipated by the
absorber. Indeed, the antisymmetric state corresponds to a standing
wave in the interferometer with its node (zero electric field) coincident
with the absorber’s position:25 the photon escapes dissipation due to the
negligible electric field at the absorber. In contrast, the symmetric state
corresponds to a standing wave with its anti-node (maximum electric
field) at the absorber’s position where light dissipation reaches 100%.
For arbitrary u, redistribution of the photon’s wavefunction between
the symmetric and anti-symmetric states defines the probability of the

photon absorption and transmission as cos2 u
2 and sin2 u

2, correspond-
ingly17,25 (step 4). In the experiment, the probability of photon transmis-
sion is measured by sending a stream of photons through the
interferometer and comparing the number of detected photons with
and without the absorbing film, Fig. 2(a). By changing the phase of the
interferometer u, the transition between the regimes of “perfect
absorption” and “perfect transmission” is observed, Fig. 4(a).

We have modeled this experiment on the IBM quantum computer
with the ibmq_armonk5 processor. The key functional element of the
processor is a transmon26 (“transmission-line shunted plasma oscilla-
tion qubit”), a type of superconducting charge qubit built around two
Josephson junctions shunted with an additional capacitor. The trans-
mon is an anharmonic quantum oscillator with a non-equidistance
energy spectrum that allows the transition between two given states to
be isolated and selectively addressed. We denote the ground, first
excited, and second excited states of the transmon as Aj iT , Bj iT ; and
Cj iT , respectively, where the frequency of transitions Aj iT ! Bj iT and
Bj iT ! Cj iT arexAB � 4.97GHz and xBC � 4.62GHz, respectively.

Control of the transmons is performed by microwave signals
from the coupled “drive” resonator.27 For instance, in the oscillatory
driving field at the resonant frequency xAB, the transmon will undergo
the cyclic Rabi behavior, oscillating between the ground and first
excited states. A microwave pulse transferring the transmon from the
ground to the first excited state is known as a p-pulse, while a p/2-
pulse leaves the transmon halfway through, in a superposition of the
ground and first excited states. A sequence of such control pulses is
used in the modeling to mimic different stages of the evolution of light

FIG. 2. Mapping evolution of a single photon in a lossy interferometer to the transmon’s dynamics. (a) Photon enters the interferometer consisting of the input beam splitter
(BS), phase delay, and mirrors. A thin absorber (plasmonic metamaterial) is placed in the middle of the interferometer. The outgoing light is detected by single photon detectors
SPD-A and SPD-B. Steps of the photon’s evolution are indicated by the numbers in circles. (b) The dynamics of the transmon is shown on the Bloch spheres representing its
quantum state for different stages of the photon’s evolution: ‹!› A p=2-pulse at xAB changes the state of the transmon to mimic propagation of the photon through the
interferometer. ›!fi The second p=2-pulse, also at xAB, but phase shifted on u changes the state of the transmon to mimic interference on the absorber. fi!fl The action
of a p-pulse at xBC mimics photon’s absorption by moving the transmon to the higher excited state Cj iT .

FIG. 1. Building a model of the photon interference experiment on a transmon. A
correspondence is established between the optical interference experiment with a
thin absorber (a) and a transmon of a quantum computer (b): The presence of a
photon in the input ports Aj iP and Bj iP corresponds to states Aj iT and Bj iT of the
trasmon. Losses are represented by the transition to the excited state Cj iT .
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quantum in the interferometer. Here, it is important that the transmon’s
longitudinal and transverse relaxation times are of the order of a few
tens of microseconds,5 which is much longer than the experimental
cycle that involves the consecutive application of three control micro-
wave pulses of 0.6 ls each (see details below): natural relaxation of the
transmon’s excited states is insignificant during the experimental cycle.
The energy state of the transmon is measured using a coupled “readout”
microwave resonator: the amplitudes of quadratures of the probe signal
reflected from the readout resonator identify the transmon’s state using
a state discriminator28,29 calibrated prior to the experiment, Fig. 3.

Assuming other states are unpopulated, the state of the transmon
in the basis of Aj iT and Bj iT is depicted as a vector on the Bloch
sphere1 [purple spheres in Fig. 2(b)] where the north and south poles
of the sphere represent the states Aj iT and Bj iT , respectively. Any
transformation of the transmon state can be shown as a rotation(s) on
the Bloch sphere. On the transmon, propagation through the interfer-
ometer and redistribution of the photon’s wavefunction at the
absorber is mimicked by driving the transmon with resonant micro-
wave pulses at frequency xAB. Initiating the transmon in its ground
state Aj iT corresponds to sending the photon through the input port
of the interferometer (step 1 in Fig. 2). The transmon’s state transfor-
mation, mimicking photon’s propagation through the interferometer
from step 1 to step 2, Eq. (1), is induced by a p=2-pulse at xAB.
Redistribution of the photon’s wavefunction between symmetric and
anti-symmetric states in the middle of the interferometer (step 3) is
replicated on the transmon by the second p=2-pulse at xAB with a
phase shift u compared to the first pulse. Here, the result of the model-
ing depends only on the phase difference between two consecutive
p=2-pulses and not on their absolute phases. The second p=2-pulse
rotates the anti-symmetric component of the wavefunction to the
ground state and the symmetric component to the first excited state.
To mimic absorption of the symmetric component of the photon’s

wavefunction (step 4), a p-pulse at xBC is applied, which brings the
population of the first excited state of the transmon to the higher
excided state Cj iT . The p-pulse at xBC is off-resonant for the Aj iT
! Bj iT transition and the population of the ground state, correspond-
ing to photon’s transmission through the absorber, is not affected.
(The algorithm of quantum modeling is presented in the supplemen-
tary material and the corresponding Python code can be found in the
data repository.)

In the optical experiment, a stream of single photons is sent
through the interferometer with a fixed phase delay u to find the proba-
bility of photon’s transmission by measuring a large number of single-
photon events, Fig. 4(a). To mimic this on the quantum computer, we
run a number of trials (�1000) with a fixed phase difference u between
the first and second p=2-pulses. The probability of the transmon ending
up in the ground “transmitted” state is presented in Fig. 4(b).

Figure 4(b) shows the results of quantum interference modeling
for the absorber optimized to achieve a perfect absorption and for the
absorber with parameters close to the real experiment. The modeling
accurately reproduces the real experiment exhibiting the regimes of
perfect absorption and perfect transmission depending on the phase
u. Nearly perfect visibility of the simulated dependence of absorption
probability on u is achieved with the optimized absorber (50% travel-
ing wave absorption). In the experiment of Ref. 6, the metamaterial’s
absorption was 45%, i.e., off the optimized value. That explains the
lower visibility observed in the real experiment that shows some resid-
ual absorption for u ¼ 6p and non-zero transmission for u ¼ 0 due
to unperfect interference cancelation on the absorber, Fig. 4(a). To
model the non-optimized absorber, the amplitude of the second pulse
controlling transmon was decreased by about 30% from the amplitude
of the p=2-pulses. Such adjustment of the control pulse leads to the
absorption increase in the anti-symmetric component and corre-
sponding absorption decrease in the symmetric component of the
transmon’s wavefunction mimicking interference disbalance in the
real experiment.

Experiments on quantum non-unitary interference6,18–20,22–24,30

have been addressing the regime of “symmetric” illumination of an
absorber when a photon is present on both sides of the absorber with
equal probabilities. Modeling of this scenario is implemented here via
accessing the states on the equator of a Bloch sphere, inset in Fig. 4(b).
To study interference beyond this regime, a substantial modification
of the setup is required replacing a fixed 50:50 (transmission to reflec-
tion ratio, T:R) beam splitter at the input of the interferometer with a
variable beam splitter (in the form of the additional interferometer31).
In contrast, modeling the regimes of “asymmetric” illumination using
a transmon is straightforward. In Figs. 4(c) and 4(d), the results of
such modeling are shown. The only difference from the above-
described procedure is the changed amplitude of the first pulse, which
now induces p=3- or p=8-rotation, respectively, simulating splitting
ratios of input beam splitter 25:75 or 4:96.

Modeling optical phenomena on a quantum computer can be
developed further in different ways. By incorporating higher excited
states, one can consider variousmodels of losses and non-unitary trans-
formation, incorporate the mechanisms of radiative, and non-radiative
decay. At the same time, employment of higher excited states would
allow studying the propagation of a single photon through a large-scale
optical networks32–37 and quantum memories.30,38 For instance, any
passive optical network can be represented as a sequence of phase

FIG. 3. Discrimination of transmon’s states. To calibrate the readout channel, the
transmon is initialized in one of its energy eigenstates multiple times (�8k for this
experiment) followed by immediate measurement. Each measurement gives a point
in the I–Q plane—purple for the prepared state |AiT, red—for the state |BiT, and
green—for the state |CiT, where I and Q are two quadrature’s of the readout signal.
By applying linear discriminant analysis, the state discriminator is built (shown as a
black solid line), and it is used to classify the transmon’s state in latter experiments.
Mean of each distribution is marked by a black point, and marginal plots show cor-
responding distributions for each quadrature.

Applied Physics Letters ARTICLE scitation.org/journal/apl

Appl. Phys. Lett. 121, 104001 (2022); doi: 10.1063/5.0103361 121, 104001-3

VC Author(s) 2022

https://www.scitation.org/doi/suppl/10.1063/5.0103361
https://www.scitation.org/doi/suppl/10.1063/5.0103361
https://scitation.org/journal/apl


shifting operations applied to a single mode (waveguide and fiber),
beam splitting operations applied between two modes, and, for non-
unitary networks, lossy components.32,34,35,39 In the modeling experi-
ment, each optical mode, as well as lossy channels, should be mapped
to one of the transmon eigenstates. An optical beam splitter can be
modeled by applying the resonant pulse between two corresponding
eigenstates where the splitting ratio is controlled by the microwave
pulse amplitude, and optical phase shifts are controlled, for instance, by
the phase shifts between the microwave pulses applied to the transmon.
Optical lossy components can be modeled in a fashion employed in
this paper. Practical limitations on the size of the modeled optical net-
work will be definedmainly by the transmon relaxation times.

By exploiting multiple transmons, the dynamics of other quan-
tum states of light,25 such as NOON18 and entangled23 and more com-
plex states, can be studied. For instance, one can easily generate and
study the evolution of complex quantum states using cloud quantum
computing while generating such states on the optical table is a chal-
lenging task.

Beyond quantum light interference, other optical devices40 and
phenomena can be modeled by building a simulator-system

correspondence. For instance, using the mathematical identity of the
Bloch and Poincare sphere, a model of experiments involving multidi-
mensional structured quantum light41,42 can be developed.

In conclusion, the methodology of building a model of an optical
experiment on a quantum computer provides a universal platform for
studying and analysis of quantum optics phenomena and systems. We
argue that modeling on a quantum computer with a discrete spectrum
of transmon is the next, quantum step of developing analog comput-
ing in photonics since the wide-spread use of classical analog com-
puters to solve problems of non-linear optics in the 1970s.43

See the supplementary material for additional details on the
implementation of quantummodeling.
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