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Quantum Variational Least Squares Problem Solver

Boris Arseniev!*

L Skolkovo Institute of Science and Technology, Moscow, Russian Federation
*E-mail: boris.arseniev@skoltech.ru

Abstract
The least squares method is a widely used technique in machine learning and other domains of
science. It can be formulated as follows: Find x such that ||b 4+ Ax|| is minimum, thus such x will be
solution to Ax = b, where A € RV*Y and b,z € RY. In this research we present a way to implement
this technique on a quantum computer. Additionally, we propose a similar implementation to solve
systems of nonlinear equations using Newton’s method.

Introduction

One of the most famous algorithms for achieving exponential speedup using a quantum computer is
the HHL algorithm [I]. This algorithm provides a solution to a linear system; more precisely, the goal
is to prepare a quantum state whose amplitudes are proportional to the desired solution. Thus, this
algorithm cannot be used to efficiently obtain the solution itself, but only to obtain expected values for
some observables.

The problem of solving a system of equations may be also approached by using variational algorithm
[2,[3]. Tt is a quantum-classical hybrid approach where the evaluation of the cost function is delegated to a
quantum computer, while the optimization of the variational parameters is performed using a conventional
classical computer. In this case, difficulties might appear for finding the suitable cost function.

In this work we present a way for solving the least squares problem on a quantum computer. Ad-
ditionally, we propose a similar implementation to solve systems of nonlinear equation using Newton’s
method. It is worth noting, that the solution to the system given by our quantum implementation is not
encoded in the wave function, but in the variational parameters.

Quantum Variational Least Squares Problem Solver

Here, we present a variational quantum algorithm for solving the least squares problem, which for a
system of N equations requires a total of n = [logy(N)] + 1 qubits. Consider a system of equations:

fl (X) =0
- : (1)
fN (X) =0
where x € RY is vector of variables and f;(x) are nonlinear functions. We introduce the Hamiltonian
filx
H(x) = 0 FF here F' = F(x) = . :
(x) = pip o ) Where F= (x) = 0 . 0 . (2)
0 ‘e fN (X)

Let’s now consider the state [1)) = e ™) |¢;..,), where |piit) = [0) @ |[+)%™ = [0) [4). If we project |1))
on state [1) |+) and take a sufficiently small ¢ we get

| CH O 10) |4 & €[ (H TP )] ~ £, with £660) = (i (%), far ()7 (3)

We seek to variationaly minimize x* = arg miny | (1] (+] e?# 9 |0) |+)| since such x* will be a solution to
the system . If functions f; are linear we can rewrite this system as Ax = b and then x* = A~'b.
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Quantum Variational Newton Method

We can modify matrix F(x) in (2)) as follows:

filx) ... 0 [J(x)yl1 ... 0
F=F(x)= 0 0 + 0 0 , (4)
0 I (x) 0 [J(x)y]n

where we denote [J(x)y]; as a j-th component of Jacobian matrix J for system (1)) multiplied by some vec-
tor y € RY. Thus, minimization over y will end up with y* ~ —J~!(x)p(x). The algorithm then consists
on iteratively performing this minimization, followed by taking the variational parameters y; and adding
them together thus obtaining the solution via Newton method x41 = xx +y; ~ xx — J 1 (xx)p(Xk)-

Results

We simulated and compared our variational quantum algorithms to their classical counterparts (mean-
ing that the cost function ||f]| or ||f + Jy| is implemented classically). We compared their performance
on 100 randomly generated systems of quadratic polynomials of 4 equations, meaning we randomly gen-
erated coefficients for these equations. For both problems, performance turned out to be the same as in
their classical counterparts. To the least squares problem we obtained ||f]| = 0.33 4 0.34 for classical and
If]] = 0.3540.35 for quantum. In the case of Newton’s method the results are exactly the same for both
classical and our quantum implementation. It is worth noting, that the solution to the system given by
our quantum implementation is not encoded in the wave function, but in the variational parameters.

References
[1] Harrow, Aram W., Avinatan Hassidim, and Seth Lloyd, Quantum algorithm for linear systems of equations.
Physical review letters 103.15 (2009): 150502.

[2] Lubasch, Michael, et al, Variational quantum algorithms for nonlinear problems. Physical Review A 101.1
(2020): 010301.

[3] Cerezo, Marco, et al., Variational quantum algorithms. Nature Reviews Physics 3.9 (2021): 625-644.
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Echo-evolution data generation for quantum error mitigation via neural
networks

Danila Babukhin'*

! Dukhov Research Institute of Automatics (VNIIA)
*E-mail: dv.babukhin@gmail.com

Abstract

In this work we demonstrate a physics-motivated method to generate training data for quantum
error mitigation via neural networks, which does not require classical simulation and target circuit
simplification. In particular, we propose to use the echo evolution of a quantum system to collect
noisy and noise-free data for training a neural network. Having a vector of observable values of
the initial (noise-free) state and the resulting (noisy) state allows us to compose training data for
a neural network. We demonstrate that a feed-forward fully connected neural network trained on
echo-evolution-generated data can correct results of forward-in-time evolution.

Nowadays quantum computers are affected with different sources of noise (gate noise, decoherence
and energy relaxation, crosstalk), which hinder advantage of these devices. Before quantum fault-tolerant
computing (using error correction codes) becomes possible, quantum error mitigation - compensation of
noise influence by classical postprocessing - will be the main method of obtaining meaningful results from
quantum processors.

One of the prospective approaches to quantum error mitigation is using neural networks for data post-
processing. We can train a neural network to compensate noise in the outcomes of quantum computing
[1]. To train a neural network, we need to have both noise-affected and noise-free data of a target quantum
computing problem. For small-size problems, we can use classical simulation to gather such data. Con-
trary, for quantum-advantage-size problems, we cannot afford classical simulation for generating training
data.

In this work, we propose a method to generate training data without the use of classical simulation
[2]. This method is applicable for any target quantum process (e.g., simulation of a many-body system
evolution, or running a quantum algorithm), as this method only requires the ability to run the target
unitary process. The method is called echo-evolution data generation, and the main idea is depicted
in Fig.[T] for the case of simulation of quantum system dynamics. Consider we have a quantum system

io1) —fe— T —p— iH s |—
[tp2) — it 5|y it |— P2

K )——e—iH3 ¥ i s ——PK

l l

<¢j| @ |¢J> - Ydata Xdata — TT[@:OJ']

Figure 1: A schematic of echo-evolution data generation. Here the target quantum process is simulating
dynamics of a quantum system with a hamiltonian H.

with a hamiltonian H, and we want to simulate its dynamics on a quantum processor. We can generate
training data for a neural network, using echo dynamics - a kind of dynamics, when the system evolves
forward and backward in time, and the final state of the system is the initial state. If we use a noisy



/‘/\A\

Miass, Russia February 25 - March 2, 2024

7th International School on Quantum Technologies

quantum processor for simulation, the final state will be different from the initial due to the influence of
noise. Using the initial (noise-free) and the final (noisy) quantum states, we can gather noise-free and
noisy data for training a neural network.

As a use-case for the proposed method, we simulate the dynamics of a spin system under the transverse
field Ising hamiltonian

N N
H=-hY of -]y olo]. (1)
i=1 ij

Evolution of a quantum system then is applying an evolution operator - an exponent of the hamiltonian
- to the initial state [1(0)): _

(1)) = e~ [3(0))
The simulation of system dynamics on a quantum computer was implemented via Trotterization of the

evolution operator - decomposition of a hamiltonian exponent into parts, which can be implemented with
basis gates of a quantum processor:

eit(Ha+HE) (ei%HAez%HB)N
We demonstrate the echo-evolution data generation method via simulating an evolution of spins

magnetization. We show, that a fully-connected neural network, trained on echo-generated data, can
compensate noise influence in forward-in-time evolution of the spin system magnetization (see Fig.

Average magnetization: K = 0.851

spin 1: K = 0.436
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Figure 2: Dynamics of magnetization in a system of 6 spins without noise ("ideal”), with noise ("noisy”),
after neural network postprocessing (”corrected”), and exact dynamics ("exact”). The K coefficient
demonstrates cumulative difference between magnetization in all time points, for all 6 spins (left figure),
and for single spins (right figures).
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Boson sampling with optical feedback

Yu. Biriukov'*, I. Dyakonov!, M. Svintsov?,M. Dryazgov?, A. Korneev!'2, S. Straupe!, S.
Kulik?4

L Quantum technology centre, Lomonosov Moscow State University, Moscow, Russia
2 National Research University Higher School of Economics, Moscow, Russia
3 Lomonosov Moscow State University, Moscow, Russia
4 Laboratory of quantum engineering of light, South Ural State University (SUSU), Russia, Chelyabinsk, 454080,
Prospekt Lenina 76
*E-mail: biriukov.ia18@physics.msu.ru

Abstract

We report a design, implementation and full characterisation of linear-optical interferometer with
optical feedback. Several boson sampling experiments were conducted to get the information about
simulation complexity of our device. The application of the device to the quantum simulation prob-
lems is also discussed.

Introduction

First of all, let us introduce the notion of ”optical feedback”. Imagine you have an ordinary linear-

optical interferometer with transfer matrix U. Conventionally all output modes of the interferometer are
followed by detection on optical radiation. We will call an ”optical feedback” the case when some of the
output modes are looped to the input modes through any optical path.
The motivation to use such interferometer comes from the fact that large-scale linear-optical interferom-
eters are hard to align and fabricate. For example, if a 10-mode universal interferometer is required, it
will contain about a hundred phase shifters [I], moreover, there is a so-called ”crosstalk” between many
of them: one phase shifter acts on neighboring ones and change the phase. From the experimenter’s point
of view, the task of calibrating such a circuit becomes very complicated. If we use temporal encoding
of information, i.e. in addition to the interferometer modes themselves, using the time of arrival of the
optical signal to the circuit input modes, it is possible to effectively increase the size of the interferometer
without actually scaling it. Also using optical feedback will help to ensure connection between different
timestamps in order to expand the class of transformations that can be performed. All of the mentioned
above, in principle, allows us to study interferometers of arbitrarily large dimensions and go into an area
that cannot be simulated on a classical computer[2].

1 Theoretical model

Let’s move on to the theoretical description of the circuit with optical feedback. If we consider the
time sweep of the interferometer (see Fig.[l)), we can see that this scheme reduces to an interferometer of
a larger dimension, whose transfer matrix depends on the transfer matrix of the base interferometer and
on the way the input and output modes are connected.

Therefore, if we limit ourselves to a given number of iterations, for example, intentionally blocking
feedback channels every N cycles, then the evolution of the state of photons in such a scheme is reduced
to the usual problem of boson sampling in an interferometer with a given transfer matrix.

For example, if we have a multi-mode Fock state |S) = |sys2...s5) (where s; is the number of photons
in 4-th mode) in the input N modes of the interferometer with transfer matrix U then the probability to

observe the state |T') (which can be written as |S)) in the output modes is
P(T|S) = perm(US™), (1)

where U(ST) is the matrix generated from U taking i-th column ¢; times and j-th row s; times, and
perm is a permanent of this matrix.
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Figure 1: (On the left)The scheme of linear optical interferometer with optical feedback.(On the right)
Time sweep of this interferometer.

It turns out that the computational complexity of calculation of a permanent grows exponentially with the
matrix size, which makes the problem of calculating the whole output distribution and, as a consequence,
getting samples out of it, classically intractable. That is why boson sampling problem is interesting: it
is possible to show quantum supremacy just by counting photons in the output modes of a sufficiently
large interferometer.

2 Experimental setup and results

On the Fig.[2]you can see a prototype of an experimental setup that includes a 12-mode interferometer
with of of the output channels looped to the input. The optical feedback loop is a fiber delay with a

Figure 2: Experimental setup of the interferometer with one optical feedback loop.

free-space gap for fine-tuning of the delay length and adjusting the polarization of the radiation.
We conducted a boson sampling experiment with a single loop and 4 input photons and compared the
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results of the experiment with simulation (see Fig. . Only 1- and 2-photon events are depicted. We
achieved mean 90% fidelity between all multi-photon output distributions. The primary limitation is the
accuracy of transfer matrix tomography procedure[3].
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Figure 3: Boson sampling experimental and theoretical output configurations.
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Image processing algorithms and automation detection
of arrays of single neutral atoms

Anton Vorobyev!'*, Gleb Struchalin', Ivan Bobrov!, Stanislav Straupe!-?

YMSU Quantum Technology Centre, M. V. Lomonosov Moscow State University, 119991 Moscow, Russia
2 Russian Quantum Center, 121205 Moscow, Russia
*E-mail: vorobev.ae20@physics.msu.ru

Abstract

We introduce an algorithm for determining scaling, rotation, and shift parameters of images
in neutral-atom quantum computers. The algorithm includes noise suppression, Otsu binarization,
contour search using Theo Pavlidis algorithm, and affine transformation via Coherent Point Drift
(CPD) algorithm. CPD algorithm is enhanced for correspondence search between regular lattices and
the entire process is implemented in C++ using Boost.GIL and Eigen libraries. The new algorithms
are integrated into existing code to provide a faster and more accurate method for atom detection.
Additionally, a method for refining atom recognition threshold is proposed.

For quantum simulators based on arrays of neutral atoms, a widely used method for measuring the
state of a system is the detection of an optical fluorescence signal using highly sensitive cameras. As
shown in [I], to study the interaction of many Rydberg atoms, it is necessary to increase the number of
atomic traps. As the number of particles grows, there is a need for more accurate and faster methods for
searching for atoms in images.

The purpose of this work is to develop an algorithm that will make it possible to determine the
parameters of scaling, rotation and shift of the image relative to the reference position of the traps at the
calibration stage in automatic mode.

In this work, optimal image processing algorithms were selected taking into account the specifics of
the task and their implementation was carried out in the C++ programming language. A method for
refining a custom threshold for atom recognition is also proposed.

Image processing

Image processing for our tasks consists of several stages.

1. Suppression and elimination of noise (for example, using morphological filters: dilation, erosion,
closing and opening). All these methods are based on considering a certain neighborhood of the analyzed
pixel.

2. Binarization — turning an image into two-color black and white. It can be reformulated into
the problem of finding the optimal threshold value. Many well-known binarization algorithms require
the use of a post-processing procedure (for example, the Bernsen method [2]) or have low performance
(the Janowitz and Brookstein method [3]), which makes their use impractical within the framework of
assigned task. The Otsu method [4] was chosen for implementation as the most effective in terms of
global binarization quality and speed. This method is based on constructing an image histogram and
selecting a threshold value that will ensure a minimum of inter-class variance in the resulting black and
white pixels.

3. Search for contours — finding connected areas of a given color. Examples of algorithms are
square tracing and Moore neighborhood tracing, as well as their more modern analogue — Theo Pavlidis
algorithm [B], which was chosen for its ease of implementation and versatility.

4. Search for an affine transformation of image points (source set) to a given target set of points.
In the simplest case, with a known bijection between two sets of points, the problem is reduced to a
system of linear equations and can be solved analytically. However, in the problem we posed there is
no information about the mutual correspondence of the points of the source and target sets, and the
distortions introduced into the positions of the points during the measurement process (points missing
in the regular lattice, etc.), further limit the methods for finding a solution. The Coherent Point Drift
(CPD) algorithm [6] has been proposed as a way to deal with the above limitations. The authors use
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a probabilistic approach for finding a solution. By moving points together, described by a mixture
of Gaussians, using the EM (estimation-maximization) algorithm, it is possible to achieve maximum
similarity between two sets of points. As a result, the values R, t,s (rotation matrix, shift vector, and
scaling coeflicient, respectively) will be obtained, which will determine the desired affine transformation.

Atom detection

Atom detection begins with taking the sum of pixel intensities I for each square neighborhood of the
target i-th point from the previous paragraph and assume that the atom is in the i-th trap if I* > If.
However, this approach requires the user to manually adjust the threshold I? of each trap individually,
which has an extremely negative impact on scaling the experimental setup by the number of traps. So
we turn to statistical methods to refine the value of I} specified by the user.

The histogram of trap-pixels total intensity I usually has the form of three Gaussian peaks, which
correspond to a filled trap, an empty trap and an intermediate case (for example, when an atom escaped
from the trap during the camera exposure). Therefore, it is proposed to use a Gaussian Mixture Model
(GMM) with three components to determine the parameters of each peak separately and then determine
the value of the threshold intensity If from them. Subsequently, in order to reduce the number of image
samples required for the correct operation of GMM, naive random initialization of GMM components
was replaced by initialization using the MRIPEM algorithm [9]. This made it possible to improve the
GMM performance, including the case of low samples number.

The algorithm for refining the value I is based on the idea of dividing GMM peaks into two groups:
“dark” and “light”. The result of the algorithm is the threshold value I} that minimizes the total error
of the first and second types for such a binary criterion.

Results

The CPD algorithm was adjusted to the search for correspondence between regular lattices and the
image processing was implemented in the C++ programming language using the Boost.GIL [7] and Eigen
[8] libraries. New algorithms have been successfully integrated into the existing code base.

Figure [1] shows an example of processing stages of an atomic-array image using the implemented
algorithms. The dilate filter causes the highlights to expand, which minimizes the chance of losing points
later. After the Otsu method, a set of white areas of approximately the same shape and size without
interference and noise is obtained — a good basis for subsequent processing. The contours search results
in the center of mass and scale (dx;,dy;) for the i-th contour. A square grid of 6 x 6 points with a
period of @ = 10 units was chosen as the target array for the CPD algorithm. The found parameters are:
a =~ 0.69° — the camera rotation angle, t = (43.49 50.74)T — the shift vector, and s = 0.82 —the
scaling factor.

Figure[2|shows a histogram of the trap total intensities. Three peaks are clearly visible, corresponding
to different types of trap occupancy. There is also a noticeable improvement in the GMM fit result owing
to the MRIPEM initialization algorithm.
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Figure 1: The result of image processing stages: a) original photo, b) after applying the dilate and Otsu
methods, ¢) after searching for contours using Theo Pavlidis method, d) the result of the CPD algorithm.
Blue — target array of points, green — transformed array according to CPD data.
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Figure 2: Comparison of GMM initialization algorithms. Black — random init, red — MRIPEM init.

Conclusion

The developed image processing methods allow one to further automate an experiment, which will
speed up measurements and improve their quality. As a result of image preprocessing, both calibration
parameters of the camera position and an array of points in the vicinity of which atoms are located can
be obtained.

In the future, we plan to finish the work on refining the value of the atom-recognition threshold.
Besides, improvement in atom detection may be achieved by taking into consideration the spatial distri-
bution of pixel intensity in the atomic trap.
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Abstract

In this paper, we consider surface-electrode ion trap for various applications in quantum comput-
ing. We optimize geometry of the electrodes with constant radio frequency voltage amplitude and
stability parameter to achieve maximum potential depth. Also, we are trying to find dependency
between geometrical parameters of the trap.

Using single cold ions as qubits today allows creating powerful quantum computers [1]. Besides, the
larges quantum volume of 64 was achieved using ion quantum computer [2]. To carry out quantum
gates, chains of ions are held in Pauli traps. In order to achieve scalability of quantum computers
(increasing number of qubits while keeping connectivity) the QCCD architecture was proposed [3]. In
such approach, the device is divided into zones with ion chains. In each zone manipulation such detection,
loading, storing or quantum gates occur separately. This architecture is based on planar Pauli traps [4].
In such system, electrodes of the trap are located in one plane and the particle is located above this
plane. Also, such traps allow simple optical access to the stored ion. Moreover, using of integrating
photonics can help to minimize size of the whole system. Since the first planar trap, a lot of design was
proposed [B]. However, such microchips demand high quality microfabrication process. Besides, these
traps do not allow achieving high potential trap depth and contribute to heating rates of the particles.
In this paper, we consider optimization of simple trap design, where rectangular RF and DC electrodes
alternate (DC-RF-DC-RF-DC). This simple setup allows determining dependency between parameters
that will be useful in more complicated setup.
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Figure 1: Typical picture of planar trap potential

The typical picture of the ion potential energy above the trap is presented in Fig. [l The picture
of potential is defined both by geometry, size of electrodes and by parameters of driving RF voltage
(amplitude and frequency). Described above parameters set the height of the potential minima, stability
parameter and trap depth. Varying the geometrical size of the electrodes allows to numerically optimize
such parameters [6]. However, for experimental purposes, it is important to increase the height of the
equilibrium to decrease heating rate and fix the stability parameter of the trap to maintain harmonic
motion. In such way we fix height and stability parameter and find the maximal value of trap depth.
Also, it is worth to keep in mind that amplitude of the driving voltage limited by RF breakdown on
microfabricated chip. So we fix driving voltage amplitude too. Such approach allows designing planar
trap appropriate for our experiments and find out dependencies between parameters.
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Abstract

In this work, we investigate the influence of noise on the Quantum Approximate Optimization
Algorithm (QAOA) concerning combinatorial optimization problems. Specifically, we focus on MAX
2-SAT instances, observing the emergence of barren plateaus and exploring the trainability of QAOA
in the presence of noise. The study models various types of noise using both unital and non-unital
quantum channels. Numerical analyses reveal that the optimal parameters of the noise-free solution
remain largely unaffected by training with small amounts of introduced noise from both classes, while
the algorithm can no longer achieve a solution. The cost function and fidelity concerning the noise-free
solution are thoroughly examined, both numerically and theoretically.

1 Introduction

Contemporary approaches in quantum algorithms designed for noisy intermediate-scale quantum
(NISQ) devices encompass variational quantum approaches, such as Quantum Approximate Optimiza-
tion Algorithm (QAOA). These algorithms require an iterative optimization process to find a product
state that minimizes the objective function of interest. Particularly, QAOA stands as a promising vari-
ational method for solving discrete combinatorial optimization problems on quantum hardware [I], 2] B3].
Leveraging parameterized quantum ansatz preparation alongside classical gradient descent optimization,
QAOA has demonstrated efficacy for boolean k-SAT and maximum cut problems in noise-free conditions
[4, Bl [©, [7]. Despite these achievements, the performance of the QAOA circuit encounters limitations
partly due to phenomena known as barren plateaus, which concentrate gradients around zero, forcing
optimization to a local minimum.

While the existence of noise imposes constraints on the capabilities of modern quantum devices [§],
there is evidence suggesting that the inherent noise can be utilized to assist the optimization process in
quantum computers[d]. Therefore understanding of the variational algorithms performance in the context
of noisy circuits is interesting from both theoretical and practical sides.

Prior research on QAOA [I0] focused on the maximum cut problem, focusing on the behavior of output
state fidelity and the cost function. Notably, it was established that under conditions of relatively mild
noise, the optimized parameters remain close to their noise-free values. This effect, optimal parameter
resilience, was also observed in the context of variational quantum compiling [11].

However, it’s important to note that not all variational algorithms exhibit such resilience to noise;
some adjust their optimized parameters to mitigate its effects [12]. Specifically, for simulations involving
random target states, where fidelity with respect to a random target state is maximized, two distinct
cases were considered: noiseless training with noisy evaluation (non-reoptimized evaluation), and noisy
training with noisy evaluation (reoptimized evaluation). The study demonstrated that in the presence
of certain types of noise in the non-reoptimized case, the fidelity reaches a peak at a certain number of
layers, after which it begins to decay. In contrast, in the reoptimized case, fidelity continues to grow
monotonically with the number of layers.

Furthermore, investigations into the impact of noise on the cost landscape of parameterized quan-
tum circuits [I3], [[4] have uncovered intriguing insights, such as the emergence of barren plateaus and
distinctions between unital and non-unital noise channels. This research connects this transition to the
controllability and complexity of QAOA circuits. We delve into the barren plateau regime for combina-
torial optimization problems and investigate their noise resilience.
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Figure 1: Entire caption for figure centered and below the illustration

In this study, our main goal is to assess the performance of QAOA in solving k-SAT problems in the
presence of noise. Consequently, we study the optimization process with noise. Our observations indicate
that with a small amount of noise, the solution energy exhibits a minimum for a relatively small circuit
depth, as illustrated in Figure [I} The primary outcomes that we focus on include:

1. Optimal parameter resilience against commonly considered noise models.

2. The exponential convergence of the cost function towards specific values dependent on noise
type for a high number of layers.

3. The exponential decay of fidelity to the noise-free solution concerning circuit depth.
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Abstract

We present the design and its characterization for the laser stabilization system for ion-based
quantum computer. The design is based on the custom-constructed Fabry-Perot cavity locked to the
stable Nd:YAG 532 nm laser. The target 866 nm laser used for “°Ca™ cooling is then locked to the
stabilized cavity.

The quantum computing field provides fundamentally new information processing approaches and
opportunities for significant acceleration for certain problem solutions. A whole new type of hardware
is required to achieve progress in this field. The platform based on trapped ions is one of the most
promising for quantum computations. To perform quantum operations in such an architecture, lasers
are used. Thus, the performance of quantum operations in the ion quantum computing platform largely
relies on laser stability, implying frequency stabilization, power stabilization, and phase stabilization.

In this project we aim to build a device capable of the stabilizing the frequencies of multiple different
lasers simultaneously. The laser frequency drifts can be eliminated by locking laser to an optical cavity
[1]. To stabilize multiple lasers using a single cavity we select the confocal Fabry-Perot cavity geometry.
It allows to separate spatially different laser beams as illustrated in Fig.

Figure 1: Laser beams with different aiming distances to the optical axis are spatially separated before
and after leaving the cavity.

The custom-constructed Fabry-Perot cavity is built using a custom aluminum base. The moving mirror
mount is attached to the piezoceramics glued to the base. Thus, the cavity length can be controlled
by applying voltage to the piezoceramics. The cavity length is 15 cm, so the distance between two
neighbouring cavity transmission lines is 6v = ;7 = 1 GHz. For any laser wavelength for which the cavity
mirrors have a high reflection coefficient, there is a cavity transmission line within the 0.5 GHz range that
can be used to do locking between the cavity and the laser. Cavity finesse is order of magnitude ~ 103
for the 532 nm and 866 nm light.

First, the cavity was stabilized by locking it to a stable Nd:YAG 532 nm laser. Second, the non-
stabilized diode 866 nm laser was locked to the stabilized cavity. To get the error signal and perform the
locking, we apply the well-known Pound-Drever-Hall method [2 B]. The locking was performed using
PID controllers. That allowed us to reduce the frequency drift of the 866 nm laser from ~ 100 MHz to

~ 1 MHz scale, see Fig[2] 854 nm and 397 nm lasers are next in line.
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Figure 2: 866 nm laser frequency drift with and without stabilization.
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Abstract

The Light-Shift (LS) gate is a two-qubit gate commonly used to entangle ions. It is designed to be
resistant to optical fluctuations in laser paths[l]. However, there are several factors that can reduce
the fidelity of the LS gate, such as the excitation of side levels of a qubit and the Stark effect. In this
study, we propose methods to reduce these errors. Through numerical simulations, we found that the
error rate of this operation can be less than 10™* with a gate time of 250 us.

To achieve useful quantum algorithms on an ion-trapped quantum computer, high-fidelity two-qubit
gates must be implemented. However, there are several imperfections that reduce gate fidelity. Firstly,
non-resonant coupling causes the population of the excited states to become non-zero, resulting in a
reduction in the qubit state population. Secondly, the Stark effect causes an energy shift in the levels,
which leads to a change in the phase of electronic states. Thirdly, entanglement occurs through the
motional modes of the ionic chain, which causes a decrease in fidelity due to the residual entanglement
of the motional and electronic states of the ions.

In this work, a two-qubit operation is proposed to solve the above-mentioned problems. The proposed
gate is similar to the operation implemented in [2], with the difference that a transition |251 s2-F = O> —
2Ds 12, F = 2> is involved, see F ig.. This feature, combined with the original gate structure, eliminates
the constant Stark level shift. However, this configuration leads to significant populations of excited
states. To address this problem, the field is turned on and off adiabatically to smoothly change the
external population from zero to a maximum value and back to zero. For instance, such a profile

E(t) o sin(t/dt), t < 6t (1)

is used for adiabatic switching.

The issues associated with non-ideal closure of phase trajectories and factors that influence the phase
parameter of the gate can be resolved by dividing the gate into four parts, also called loops. Adiabatic
switching is used after each part. After the 15¢ and 3'¢ loops, the phase of one of the lasers changes
so that the force acting on the ions changes sign (see Fig.). This ensures that the next loop closes
the phase trajectory of the first two modes, whose frequencies are closest to the detuning p = wa — wp.
Moreover, global single-qubit rotations are applied after 2"d and 4*" loops. This sequence of operations
implements the spin echo method (see Fig.), which compensates for the phase error accumulated over
the first two loops.

Numerical simulation was carried out using the QuTiP package [3] to implement all the above-
mentioned methods for reducing the error of a two-qubit gate. The fidelity of the operation was defined
as F:

F = ($ualpltia) , (2)
where [¢iq) - final ideal state after the LS-gate. It was revealed that an operation with an error of less
than 10~* could be implemented with a laser power of 0.32 mW and a gate time of 250 ps. Without
these methods, errors are significant, see Fig.[2l Therefore, these methods enable the implementation of
two-qubit gates that are robust to many errors.
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Abstract

Scaling is a huge challenge towards building a high-performance quantum computer. One of the
most promising ways for solving this issue is to utilize a distributed network of samples connected by
a quantum link. Here we present a scheme consisting of two fluxonium qubits located on separated
substrates coupled via a superconducting transmission line. The transfer of a quantum state is
provided by a so-called “dark mode”. We numerically investigate the system and optimize the
sequence of controlled pulses required for implementing quantum state transition. The obtained
fidelity of the quantum states transfer is over 99.3% under realistic coherence conditions, including
qubit decoherence.

Distributed networks of superconducting devices wired by quantum channels is an effective path for
scaling up a universal quantum processor. Nowadays, there are several scientific groups conducting pioneer
research in this area [T, 2]. Inspired with the existed methods, we propose a new scheme for a quantum
link, which provides the transfer of states between two distributed fluxonium qubits. We schematically
represent the circuit in Figure[l}] The key advantage of the scheme is the usage of the dark mode state [3].

Two-mode 3 R Transmission L . Two-mode
. : Transmon . Transmon : .
fluxonium : line : fluxonium

Figure 1: Quantum link schematic.

To create this state, we set up the transmission line and two transmons in resonance. Hybridized three
part system Transmon-Line-Transmon includes eigenvector formed with the both transmons first exited
states |1)11, |1)2 and the vacuum state of the transmission line |0),. This eigenvector corresponds to
the dark mod. The dark mode structure provides resistance to transmission line decoherence sources,
which makes this state preferable for our goals. To transfer quantum state from fluxonium-transmitter to
fluxonium-receiver we initialise second one in the ground state and induce transmission sequence (Figure
2) with drive signals. One can see that we use dark mode in the role of the bridge between fluxonium
qubits. We numerically modeled the induced system dynamic with lindblad equation:

do= [A+V0), o] + 52 3 ([Ben EL] + [Ban £]) (1)
k

which includes typical decoherence sources for the represented system.

The implementation of numerical optimisation of the drive signals afforded as to obtain a fifelity of
the transfer protocol over 99.3%. The most difficult part of the protocol is transition |2); — |2)5, which
optimal induced dynamic is illustrated in Figure
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Abstract

Scalable quantum computers hold the promise to solve hard computational problems, such as
prime factorization, combinatorial optimization, simulation of many-body physics, and quantum
chemistry. While being key to understanding many real-world phenomena, simulation of non-conservative
quantum dynamics presents a challenge for unitary quantum computation. In this work we focus
on simulating non-unitary parity-time symmetric systems, which exhibit a distinctive symmetry-
breaking phase transition as well as other unique features that have no counterpart in closed systems.
We show that a qutrit, a three-level quantum system, is capable of realizing this non-equilibrium
phase transition. Here, we introduce the technic for simultaneous three-states dispersive readout
on superconducting qutrits and experimentally simulate the parity—time symmetry-breaking phase
transition. Our results indicate the potential advantage of multi-level (qudit) processors in simulating
physical effects, where additional accessible levels can play the role of a controlled environment.

Device description

The transmon-qubit[I] is one of the most widely used types of superconducting qubits. The simplest
electrical circuit of a transmon consists of two main elements: a SQUID and a large shunt capacitance.
Together they form a weakly amplified quantum oscillator. In this work we implement three-level quantum
systems using transmons.

|
U (C

‘ Qubit

Readout resonator
@ Furcellfilter

Readout transmission line

Airbridges

Figure 1: Transmon-qubit with it’s individual readout resonator and parcell-filter coupled to readout
transmission line

Qutrit readout

Dispersive readout technic is used to measure the state of a qutrit. Reflected signal from readout
resonator is being processed with special marker functions, Finally, the state is plotted in the (I, Q)
plane and logistic regression is used separate states. The readout confusion matrix shows probability of
readout declaration error. The average value of diagonal elements represents the total readout fidelity of
the experiment.
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Figure 2: Left: The readout calibration trajectories of qutrit states are presented in the (I, Q) plane.
Orange, blue, and aquamarine colored dots indicate measured Gaussian readout clouds corresponding to
the |0), |1), and |2) states. The mean value and standard deviation of each cloud are denoted by white
dots and dashed ellipses respectively. Right: The readout confusion matrix.

Observation of phase transition

The simplest parity time simetric system has two levels (qubit) and is its time evolution is generated
by effective non-hermitian Hamiltonian (% = 1).

. w1
H:ax—l—zraz—( 1 —ir) (1)
The value r = 1 corresponds to the exceptional point.
Theory : Transmon-based qutrits

1.2 —— Phase transition 3B 1.00

0.75

~ 0.50

0.25

0.00

Figure 3: Dynamics ground state population for parity time symmetric two-level system for a range
of parameters 0 < r < 1.2. r = 1 (blue line) is an exceptional point. Left: theory. Right: Experimental
results obtained with the transmon-based qutrit. Each data point is an average of 8192 experimental
samples.

References

[1] Jens Koch, Terri M. Yu, Jay Gambetta et al., Charge-insensitive qubit design derived from the Cooper pair
box. Physical Review A., 76, 4 (2007).

23



/‘/\A\

Miass, Russia February 25 - March 2, 2024

7th International School on Quantum Technologies

Simulation of quantum attack on S-AES with key leakage and reduced
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Abstract

This report presents the results of the simulation of Grover’s attack with leak of key, which
reduces the number of required qubits, on the Simplified-AES symmetric block encryption algorithm.
Depending on the leak configuration, the attack requires 23—-4n qubits with n consecutive leaked
nibbles of the 16-bit key. Further research into this approach could enable the use of quantum
computers for cryptanalysis in the near future.

It is known that using algorithms of Shor and Grover quantum computers can potentially be a threat
to modern encryption algorithms. However, development in this direction is significantly hampered by
the small size of the quantum register in modern quantum computers and the slow increase in the number
of qubits for solving practically important problems, which significantly limits the size of the cipher key
that can be attacked by a quantum computer.

Advanced Encryption Standard (AES) is one of the most widely used and important symmetric
encryption algorithms today. But a full-fledged attack on AES requires hundreds of qubits and a circuit
depth of thousands, which makes not only experimental research, but also computational simulation of
this algorithm impossible [I]. However, it is more likely to be possible to carry out attacks on simpler
encryption algorithms, such as Simplified-AES (S-AES) in near future. S-AES is a symmetric block
cipher with a 16-bit key and two rounds of encryption. To attack such an algorithm, the required number
of qubits and circuit depth are significantly lower.

Grover’s quantum attack on S-AES can be implemented with just 32 qubits [2]. In the previously
presented work [3], an original approach to constructing the oracle of Grover’s algorithm was proposed.
Now we present simulation of the attack on S-AES with significantly reduced requirements for the number
of qubits, as well as the possibility of even greater resource savings in case of a partial key leak. Depending
on the leak configuration, the proposed attack requires 23-4n qubits with n consecutive leaked nibbles
of the 16-bit key.
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Abstract

We introduce a quantum compiler for neutral-atom quantum computers, written in C++ with
ANTLR. The compiler validates OpenQASM 2.0 code and translates it into an internal binary format,
which is a limited set of quantum instructions that are native to the atomic quantum computer.
Also, we implemented a gate fusion optimization as a part of the compiler. The work is crucial for
integrating quantum programs with hardware, addressing challenges in quantum algorithm execution.

Problem

The rapid advancement of quantum computing has led to the proliferation of quantum algorithms,
prompting various companies and research groups to provide programming and execution capabilities.
Programming quantum algorithms involves using languages like QUIL, QASM, Q#, Scaffold, and Silq,
among others. Presently, OpenQASM [I] is a popular choice, mainly driven by IBM with its supercon-
ducting quantum processors. While the creation and optimization of quantum algorithms are independent
to some extent of the hardware platform used (neutral atoms, ions, linear optics, superconductors), the
execution of quantum programs requires consideration of hardware differences and low-level interfaces
to the specific quantum processor. As members of the atomic-quantum-computer developers at MSU,
we faced the challenge of integrating existing quantum programming languages with our hardware. This
prompted the development of the compiler translating OpenQASM 2.0 code into instructions for our
quantum computer, allowing us to couple existing quantum programming software with the hardware.

Compiler structure

Our quantum compiler is carefully designed software created to handle the intricacies of quantum
programming on the atomic quantum computer. It has been developed using C++ and incorporates
ANTLR4 [2] to benefit from the robust parsing capabilities and language recognition strengths that
ANTLRA4 provides.

After successful syntax validation, the compiler moves to the core of its functionality — binary code
generation. It translates the validated OpenQASM 2.0 parse tree into an internal binary format, which
is a limited set of quantum instructions that are native to our atomic quantum computer. This step
is pivotal for the seamless execution of quantum programs on our specific hardware architecture. The
current implementation covers a subset of OpenQASM 2.0, strategically excluding features like user-
defined gates and multiple declarations of quantum registers qreg.

The distinctive aspect of the compilation process involves the transformation of quantum gates into
three native gates — RX, RY, and CZ. Additionally, we have implemented a gate fusion optimization
technique. This optimization streamlines quantum circuits by identifying and merging sequences of
single-qubit gates, subsequently transforming them into at most three native rotations RX or RY.

The peculiar property of atomic quantum computers is the possibility for global single-qubit rotations,
where all qubits in the register are rotated simultaneously. This operation has fidelity even higher than
a single addressed rotation. The global rotations are implemented as compiler-intrinsic gates.

To distinctly separate classical and quantum computations, our compiler possesses the capability to
precompute the results of mathematical expressions. This enables a clear delineation between the two
domains, streamlining the compilation process and ensuring efficient execution on the quantum computer.
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Future Developments

Looking ahead, we note that our development roadmap is ambitious. The planned switch to LLVM [3]
for binary code generation promises improved performance and compatibility. Achieving full OpenQASM
2.0 language support and enabling OpenQASM 3.0 features are on the agenda, increasing the diversity of
quantum programs. One of the anticipated features is the support of defcal blocks, where a gate-control
sequence can be programmed in terms of laser pulses. Future versions of the compiler will introduce
advanced optimizations, including qubit mapping and rerouting algorithms, essential for efficient circuit
execution on atomic quantum computers.

Conclusion

The presented quantum compiler bridges the existing vast amount of applied software and execution
on the real atomic quantum processor. It translates QASM code into the internal binary format suitable
for execution. We tested our compiler in real-world tasks such as entangling-gate debugging, quantum
tomography, and randomized benchmarking, where it performed as a reliable tool for experimentalists.

References

[1] A. W. Cross, L. S. Bishop, J. A. Smolin, and J. M. Gambetta, Open quantum assembly language.
arXiv:1707.03429 (2017).
[2] T. Parr, The Definitive ANTLR 4 Reference. Pragmatic Bookshelf, (2013).

[3] C. A. Lattner, LLVM: An infrastructure for multi-stage optimization. Ph. D. Dissertation. Computer Science
Dept., University of Illinois at Urbana-Champaign (2002).

26



/‘/\A\

Miass, Russia February 25 - March 2, 2024

7th International School on Quantum Technologies

Quantum algorithms with qubits packaged in trapped-ion qudits

Anastasiia S. Nikolaeva''?*, Ilia V.Zalivako'?, Alexander S. Borisenko!:?,
Evgeniy O. Kiktenko!2, Ilya A. Semerikov!3, Nikolay N. Kolachevsky!'?3, Aleksey K.
Fedorov'?

! Russian Quantum Center, Skolkovo, Moscow 121205, Russia
2 National University of Science and Technology “MISIS”, Moscow 119049, Russia
3P.N. Lebedev Physical Institute of the Russian Academy of Sciences, Moscow 119991, Russia
*E-mail: anastasiya.nikolayeva@phystech.edu

Abstract

In this work, we consider the problem of quantum algorithm implementation using trapped-ion-
based qudits. We consider several realizations of universal set of qubit gates with qubits, which
are packaged in qudit with dimensions d = 3,...,8. As a basic quantum operations, we use qudit
versions of Pauli rotations and the Mglmer-Sgrensen (MS) gate. We also investigate the issue of
the reduction in the width and depth of the circuit for the implementation of multi-qubit quantum
gates using qudits. We developed a multi-qubit gate decomposition that we test experimentally on
an ytterbium-based ququart processor.

Most of the existing approaches to the development of quantum computing platforms involve the use
of qubits, two-level quantum systems. At the same time, the physical systems usually have the ability
to operate on a larger number of levels, i.e., they can be used as qudits [1]. Over the past few years,
prototypes of qudit quantum processors based on ions in traps [2-4] have been developed. Therefore, the
question of the efficient realization of qubit algorithms on them is crucial.

In a gate-based model of quantum computation, the circuit of a quantum algorithm consists of a set of
quantum operations: single-qubit, two-qubit, and multi-qubit gates. It is known that an arbitrary qubit
quantum circuit can be implemented with a set of single-qubit and two-qubit gates. Such a set of gates is
called a universal set of gates. Thus, to implement an arbitrary qubit circuit with qudits, it is sufficient
to implement single-qubit and two-qubit gates in qudits in a proper way, according to the embedding of
qubit spaces in qudits. In our work [5], it is shown how a universal set of qubit gates, which contains
a two-qubit entangling CZ gate and single-qubit Pauli rotations, can be efficiently implemented with a
qudit version of native trapped-ion gates (MS gate and Pauli rotations), when the space of a qudit is used
as a space of two (d = 4) or three qubits (d = 8). As an example of a quantum algorithm implementation
with qudits, we consider Grover’s algorithm realization with qutrits (d = 3) and ququarts (d = 4) (see
Fig and Table .

We also investigate the issue of the implementation of multi-qubit gates using qudits with trapped-ion-
specific platform gates. Improvements were made to the circuit depth and length of the decompositions for
qudit dimensions d = 3,5, 6, 7. In the qubit scenario, O(N?) gates are necessary for decomposition without
the need for extra auxiliary qubits. In our method, O(N) gates are always sufficient. We demonstrate
that as d increases, the constant before N and circuit decomposition depth decreases. Furthermore,
unlike previously known decompositions, which are usually based on qudit CZ gate, these decompositions
are initially expressed in terms of qudit version of Mglmer-Sgrensen gate and Pauli rotations. Efficiency
of the proposed decomposition technique is demonstrated experimentally on an ytterbium-based ququart
processor.

Table 1: Number of entangling gates in Grover’s algorithm realization with qubits, qutrits, and ququints.
Realizations of Grover’s circuits for the search through 22 and 22 elements are considered. In qubit-based
realization decomposition with 6 two-qubit gates is used for C2X gate and decomposition with 14 two-
qubit gates is used for C3Z gate.

Number of qubits | Num. of ent. gates with qubits | Qudit dimension | Num. of ent. gates with qudits

2 7 3 4
3 40 5 4
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Figure 1: Grover’s algorithm circuit for finding w = 11 on qubits embedded into qutrits with native qutrit
trapped-ion qutrit gates .

The research is supported by RSF grant No. 19-71-10091.
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Abstract

We present the benchmark results of the accuracy of one-qubit gate operations for a neutral-
atom-quantum computer. The results are obtained with the protocol named direct randomized
benchmarking. The protocol allows separate estimation of average gate fidelity and level of state
preparation and measurement error by measuring outputs of random circuits with different depths.
The results for one-qubit gates in 9- and 25-qubit arrays are demonstrated as well as the method for
calibrating the pulses of one-qubit operations. The obtained fidelities vary from 99.92% to 99.97%
depending on the qubit.

Cold neutral atoms in optical tweezers are a promising platform for quantum computing. Realizing
fast and high-fidelity gates is of paramount importance for further development of this platform.

In our setup we use neutral atom qubits encoded in hyperfine states of 3’ Rb: |0) = |5251/2, F =2
mp =0) and |1) = |[5251 /2, F =1, mp = 0). For accuracy estimation, we benchmark single-qubit gates
in arrays of 8"Rb atoms realized with radio-frequency (RF) field. For the calibration, we benchmark only
one atom and then we estimate the accuracy for 9- and 25-qubit arrays globally impacted by RF-field.

To perform a rigorous assessment of single-qubit-gates quality we implemented a direct randomized
benchmarking protocol (DRB) [1I]. This protocol allows us to obtain an estimation of the average gate
fidelity F, of qubit operations using measurement results of randomly generated gate circuits of distinct
depths. Moreover, an estimation of a state preparation and measurement error (SPAM) can be obtained
from DRB curves. The basic idea of this protocol is the usage of randomly generated stabilizer states,
i.e. the states obtained by applying the random Clifford-group gates to the |0) state. Then these states
are used in the main circuit randomly formed from the generators of the Clifford group. The last layer
of the circuit turns the obtained stabilizer state into either |0) or |1).

An example of the DRB curve is shown in Fig. The data is fit by the expected dependence
of success probability on the circuit depth [1]: P = Ap? + B, where p is a parameter, related to the
probability of the error absence, d is the circuit depth and A, B are coefficients related to SPAM. For the
curves shown in Fig. F, =99.939 + 0.004%. Schemes corresponding to distinct expected outcomes
demonstrate a clear shift of the P values, which is almost independent of d. This effect manifests
asymmetric SPAM error in the atomic processor due to, e.g. atom losses.

The results for the 25-qubit array are shown in Fig. DRB was applied for each atom and a value
of mean gate fidelity was obtained. Fig. shows mean infidelity 1 — F, (for clarity) related to each
atom in the lattice.

Before obtaining such fidelities we faced a problem with the calibration of one-qubit RF gates. RF
signal has two parameters: a m-pulse time 7 and relative phase ¢. Due to the manual calibration of these
parameters, a systematic error takes place. To eliminate this problem we simulated DRB circuits with
different 7 and ¢ values and then compared simulated results with experimental success probabilities.
The obtained best-fit values served as the actual calibration for the RF signal.
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Abstract
The possibility of preparing a quantum state in a register of interacting n-qubits using gradient-
free optimizers such as random search and genetic algorihtm as well as one of the strongest deep
reinforcement learning algorithms, AlphaZero, is demonstrated. Based on that approach, the possi-
bility of quickly selecting optimal gate sequences consisting of one-, two-, and three-qubit operations
to implement the required quantum state is shown.

Quantum state preparation is a key task in the vast majority of quantum algorithms. Algorithms such
as linear system quantum computers [I], quantum Monte Carlo algorithm, quantum machine learning
[2], and general variational quantum approaches [3] require fast and accurate encoding of classical data
into quantum circuits. The state preparation routine is often considered the main bottleneck limiting the
performance of quantum algorithms [4]. To prepare the overall quantum state of n-qubits, a circuit with
O(2"™) depth is required, since all 2" internal parameters corresponding to amplitudes must be encoded
using different gates [5]. These approaches do not solve the problem of exponential circuit growth with
increasing number of encoding qubits and are impractical for large n. This work discusses a method for
preparing quantum states on an n-qubit register using the AlphaZero deep learning algorithm [7] as well
as meta-heuristic methods including random search and genetic algorithm|[6]. The problem of preparing
a quantum state from the point of view of reinforcement learning is a classical problem of interaction
with the environment in the case of a discrete set of possible actions, which the chosen algorithms solve
with high accuracy|7].

To prepare a quantum state on a register of interacting n-qubits |@,cs), we use a variational quantum
chain, represented as a set of unitary gate matrices U(k) applied to the initial state |¢;). The task of
preparing a certain state comes down to selecting the optimal sequence of gates. In this case, the final
state was as close as possible to the required one, which is mathematically expressed in the operation
accuracy criterion (fidelity):

F(p1, p2) = Trly/ Vpipe/oi)? (1)

where p1, p2 correlates to density matrices of input states.

To prepare the state, we sequentially use one-, two-, and three-qubit gates, which can be represented as
possible actions for the AlphaZero algorithm. Using the standard procedure for encoding actions for this
algorithm [§], we can obtain all possible combinations of quantum gates for a given chain. Gates with
variable parameters, in particular, rotational (phase) gates, when used, are optimized using a modified
Adam gradient descent algorithm [9]. As part of this task, the AlphaZero learning algorithm undergoes
minor changes, in particular, the use of only one player (agent) instead of two in the original implemen-
tation of the algorithm. To compare genetic algorithm [6], random search algorithm and AlphaZero a
series of experiments were performed, where each algorithm had to repeat the quantum state of a given
randomly initialized circuit for 50 times per algorithm. The comparison results are shown in Fig.1.

The results of the work show the possibility of preparing a quantum state on a register of n-qubits
using deep reinforcement learning algorithms. Using the abovementioned algorithms makes it possible
to obtain the required sequence of quantum gates for preparing a given state, while demonstrating high
accuracy in preparing a given state, expressed in the fidelity criterion, and also using the minimum
optimal set of gate chains for quickly preparing the required state.

This work was supported by the Russian Science Foundation grant No. 22-72-10075.
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Figure 1: (a-c): Example target gate sequences. (d-f): Prepared gate sequences for each of (a-c) sequences
respectively with the same fidelity value of 0.99, using random search(d), genetic algorithm (e) and AlphaZero
algorithm(f). (g): Comparison of average result measured in infidelity (1-Fgvg) with the target state and compu-
tation time for different number (denoted n) of qubits for each algorithm. Results are averaged for 50 runs each,
except for AlphaZero where we used only 10 runs.
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Abstract

In the present work, we numerically simulate the dynamics of porous charged microparticles
localized in surface radio-frequency trap under atmospheric conditions, taking into account laser
irradiation. The dynamic system transition from bistability to states characterized by either one or
three stable equilibrium points is revealed. The number of stable equilibrium points and their spatial
position appear to depend on the magnitude of the particle gravity and optical pressure. The phase
portraits of the particle trajectories are calculated for the each dynamic system state. The obtained
results are generalized and discussed from a practical point of view.

Radiofrequency traps are a versatile tool for localizing, controlling, and investigating charged particles.
Different trap configurations allow localizing particles with sizes from atomic ions to microparticles for
applications in such fields as mass spectrometry [I], investigation of physical characteristics of micro- and
nano-objects [2], and quantum computing [3]. It should be noted that radiofrequency traps can become
a new promising element base for the realization of the Ising machine.

In order to realize calculations with the help of the algorithms used in the Ising machine, a controlled
bifurcation in the system is necessary. At the same time, it is known that surface traps can be charac-
terized by two stable equilibrium positions for charged microparticles [4]. In this work, we investigate
the possibility of precisely adjusting the spatial position of the particle localization regions and switching
between regimes characterized by one, two, and three stable equilibrium regions. In the present work, we
propose a method for optical control of the bistability of the charged particle position in surface radiofre-
quency traps, where positions of localized particles are indicated blue and red dots (Fig.). In this work
the localization processes of porous single microparticles in a surface radiofrequency trap are numerically
investigated. In the first part of the work numerical calculation is carried out for porous spherical CaCO3
particles with the size of 4 um. The proposed surface trap geometry consists of 4 rectangular electrodes
(Fig.) and is a modification of the well-known 5-wire scheme [5]. Unlike the classical 5-wire scheme,
the proposed geometry of electrodes provides stable controlled localization of charged particles along all
degrees of freedom. The electrostatic interaction of the charged particle with the trap field, the particle
gravity force (directed along the z-axis), viscous friction forces, and the optical pressure force from the
exciting radiation side were taken into account in the modeling. For modeling it was assumed that the
laser radiation is directed along the z-axis.

(b)

Figure 1: Surface ion trap model, (a) - 3D-model, (b) - circuit diagram of planar surface trap
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Numerical modeling of the dynamics of charged microparticles of 2 pm size is carried out taking
into account their interaction with the trap field, viscous friction and optical pressure force. Simulations
are carried out for porous CaCO3 microspheres localized at atmospheric pressure in transparent ITO
traps under the influence of laser radiation with a wave vector directed orthogonally to the trap surface.
It is shown that the position of the particles depends on the direction and power density of the laser
radiation acting on the particle localized in the surface radiofrequency trap (Fig.. Physical mechanisms
of formation of several stable equilibrium positions are discussed.
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Figure 2: Dependence of the localized particle position on the laser radiation power density
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Abstract

Quantum optical neural networks (QONNSs) potentially can solve different quantum computing
problems. The key feature of QONNSs is inclusion of nonlinear elements, which significantly expand
the class of operations available to linear optics. To date QONNs have a structure similar to many
classical neural networks, however these neural networks contain large number of the optimized
parameters. In this work, we suggest original QONN architecture with variable nonlinearities. Our
results indicate that our QONN is a promising architecture and a powerful tool for the different types
of quantum computing problems.

To date the linear optical platform is one of the most promising for creating quantum computer.
Information is encoded by photons propagating through multimode interferometers. However most of
the operations performed by linear optics are non-deterministic. In addition, they require redundant
physical resources, such as extra photons and optical elements, in addition to the ones that encode the
quantum information [I]. This problem can be avoided by using nonlinear elements.

Nonlinear elements find an application in different fields and one of them is the physical implementa-
tion of quantum neural networks on a photonic platform. The principle of operation of quantum neural
networks is similar to the idea for a classical neural network [2]. Namely, there is an alternation of linear
layers with trainable parameters and nonlinear functions, also called activation functions. The Quantum
optical neural network (QONN) implementation proposed to date operates according to the principle
described above. Trainable linear layers are presented by multichannel linear optical interferometers
separated by single nonlinear elements with fixed parameters in each mode. Quantum neural network
training is performed by optimization methods on a classical computer, where the cost function C' is
defined as the fidelity function between the output state and the expected one from the training sample
with size K and described by equation C = £ Ziv<1/)ideal|pout|wideal>.

Thus, with an increase in the number of qubits, and with this the number of photons and modes
encoding them, the space of optimized parameters becomes too complex. This causes problems for opti-
mization algorithms. In this work, we propose an alternate approach. Linear elements are used as a fixed
layer, while training is caused by optimizing the parameters of programmable nonlinear elements. Every
nonlinear element has its own variable parameter x and can be expressed as N.S(x) = exp (in(n — 1)%).

We use dual-rail encoding to determine the qubit. It is a two-mode code where logical-zero state is
represented by the photon in the first mode |10), while the logical-one state is represented by the photon
in the second mode |01). It follows that so-called “non-qubit” states will arize as a result of photon
propagation through the linear interferometer because its output corresponds to a system of N photons
distributed among M modes. Therefore, linear elements with fixed parameters provide a “mixing” effect
and redistribute photons between modes before passing through the programmable nonlinear layers,
which change the phase only when there are two or more photons in the mode. QONNSs based on static
linear optics and nonlinear programmable elements possess a significant advantage, since the number of
variable network parameters in each layer is linear in the number of modes. This makes the task less
computationally difficult for various optimization algorithms.

Primitive example of such a neural network for a single qubit (two modes and one photon) is the
nonlinear Mach—Zehnder interferometer (NMZI). The NMZI is a system of two beamsplitters and two
programmable nonlinearities between them as it is shown in Fig. 1. Linear layers are represented by
symmetrical beamsplitters here.
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layer 1 layer 2 layer 3 layer L

Figure 1: QONN architecture based on NMZI.

Scaling to a larger number of qubits can be performed in various ways. In our work, we suggest
an original quantum optical neural network architecture consisting of NMZIs arranged in staggered for-
mations (Fig. 1) and demonstrate architecture’s capabilities in solving various quantum information
problems such as preparing sophisticated quantum states and finding global minima of Hamiltonians by
implementing a variational quantum algorithm. Our study suggests that the QONN with programmable
nonlinearities can be less demanding than the traditional QONN and even advantageous for some specific
tasks.

E.A. Chernykh is grateful to the Foundation for the Advancement of Theoretical Physics and Math-
ematics (BASIS) (Project No. 23-2-1-52-1).
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Abstract

The purpose of this work is to analyze quantum computing resources in the implementation of
such basic algorithms as the quantum Fourier transform and Grover’s algorithm on qudit systems. In
the course of the work, a simulation of the QFT algorithm was implemented on qudit systems with
dimension d from 2 to 8 to transform a vector with dimension 1024. A comparison of the number
of one-qudit and two-qudit operations depending on the dimension of the qudit was also carried out
and the corresponding graphs were obtained. A simulation of Grover’s algorithm was implemented
for qudits of dimension 2. An algorithm for large-dimensional qudits and further analysis is under
development.

Consider the algorithm of the quantum Fourier transform in the case of qubits, that is, qudits of
dimension 2. In this case, the action of the Fourier operator can be represented by the formula below
oFr 1 =
) = —= > TN k). (1)
s

It is also important to mention that when implementing QFT, a controlling operation on qubits is
used, where the gate Ry acts as this operation, the matrix of which has the following form

1 0
Ry = [ 0 e2mi/2t ] : (2)

So you can see the circuit of the QFT algorithm for the qubit system in Fig.[T}
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Figure 1: The circuit of the quantum Fourier transform algorithm in the case of a qubit system

Next, we consider the algorithm of the quantum Fourier transform in the case of qudits of dimension
d [1L 2]. In this case, the action of the Fourier operator can be represented by the formula below

an-1

L QFT 1 riik/d®

) s 3 e ). 3)
k=0

It is also important to mention that when implementing QFT, a controlling operation on qudits is
used, where the Rﬁ gate [I] acts as this operation, which is a generalization of the R}, gate to the case of
a qudit of dimension d. The matrix of this operator has the following form
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1 0 cee 0
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Rj = (4)
0 0 oo e2mi(d—1)/d*

Thus, you can see the circuit of the QFT algorithm for the qudit system in Fig.[2}
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Figure 2: The circuit of the quantum Fourier transform algorithm in the case of a system of qudits of
dimension d

Now let’s consider a quantum search algorithm in an unstructured database, that is, Grover’s algo-
rithm in the case of qubits. One fundamentally important part of it is the oracle, which is a kind of black
box that is able to recognize the solution of the problem. In the case when the phase of the ancilla has
changed its sign, it means that a solution has been found. The action of the oracle can be represented as

o (P 5 oo (M), )

Also, an equally important part is the Grover iteration, which includes a diffusion operator that
rotates the state around the mean. Thus, you can see the circuit of the complete algorithm in Fig.[3

Oracle The diffusion operator
/_,—‘. r N\
0) /" H®" HE H2(0m) (07 — Iy H gEn |- -
Uo
)y —{a— .
Repeat O(V/N) times

Figure 3: The circuit of the Grover algorithm in the case of a system of qubits

Next, let’s return to the discussion of the QFT algorithm. As mentioned above, this algorithm was
simulated on qudit systems with dimension d from 2 to 8 to transform the input state vector with
dimension 1024. After that, a comparison of the number of one-qudit and two-qudit operations was
carried out depending on the dimension of the qudit and the corresponding graphs were obtained, which
are shown in Fig.[4]
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Figure 4: Graphs of the dependence of the number of one-qudit and two-qudit operations on the dimension
of the qudit d when converting a state vector of dimension 1024
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Abstract
Unauthorized light injection has always been a critical threat to the practical security of quantum
key distribution (QKD) systems. We have presented and implemented an optical fuse device based
on the fiber fuse effect phenomenon, restricting the injection of eavesdropper’s light. The proof-of-
principle testing of the optical fuse was demonstrated. The methodology for testing and analysis
presented here is applicable to other power-limiting components in QKD systems.

Introduction

The attacks on the transmitting unit (Alice), including laser-damage attacks [T, 2] and Trojan-horse
attacks [3], compromise the security of quantum key distribution (QKD) implementation. One com-
monality of these attacks is that an adversary (Eve) injects unauthorized laser emission into the QKD
transmitting apparatus to eavesdrop on secret key information.

Experimental setup and results

We developed an optical fuse device (DUT) designed to bolster the security of QKD transmitters. This
destructible element enhances defense by leveraging the fiber fuse effect. We devised a testing scheme,
which allows the passage of weak optical radiation inside the QKD system while ensuring destruction
under laser radiation with the power of 200 mW. The experimental setup is shown in Fig.[I]

Circ

Coupler

Figure 1: The scheme of studying the operability of the destructible element

The experimental setup comprises two main modules, each performing specific functions in imitation
of the QKD system. The first module represents the QKD system’s transmitter and includes the following
components: the variable optical attenuator (ATT), the high-power fiber-optic isolator (Isolator) and the
pulsed laser (Pulse Laser). It is worth noting that the composition of the elements in the transmitter
module closely corresponds to the basic elements in a practical QKD system’s transmitter.
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We configured the pulsed laser to operate at the average power of 1.6 W with a pulse frequency of
10 MHz. An important component in this module is the variable optical attenuator, which introduces
attenuation at the level of 67 dB. As a result, the average power at the output of the attenuator was
0.0003 nW corresponding to weak coherent pulsed radiation, similar to the states implemented in QKD
systems.

The mean photon number per pulse can be calculated using the following expression:

P

TRy
We have achieved the following average photon number:

_PXx _ 1550-1077-0.0003 - 10~°
"~ 2fch 2-10-106-3-10%-6.64-10-34

i ~0.1. (2)

The second module represents the receiver of the QKD system and includes the following components:
the picoammeter (Picoammeter), the pin-diode (PM2) and the spectral filter (Spectral Filter). We
performed the data registration using picoammeter method [4]. The module simulating the impact of
a continuous laser with a power of 450 mW is also presented in the setup. This module consists of the
continuous wave laser (CW Laser), the amplifier (Amplifier), the 50/50 beam splitter (Coupler) and the
power meter (PM1). The 220 mW power was directed towards the destructible protective element by
means of the beam splitter.

In the initial stage of the experiment, the pulsed laser source was activated. One minute later, the
CW laser was activated, delivering optical power up to the level initiating the Fiber Fuse effect on
the destructible protective element. At this stage, we observed the occurrence of the fiber fuse effect,
manifesting as a phenomenon accompanied by bright luminescence and leading to the destruction of the
specified protective element. The process of fiber fuse phenomenon is shown in Fig.[2]

Figure 2: Photograph of the fiber fuse effect

The experiment results are depicted in the graphs shown in Fig.[3] [4

The dependence of the laser radiation power on time, presented as the shape of the signal from the
power meter PM1, is shown in Fig.[3]

The graph in Fig.[d illustrates the dependence of the mean photon number on time. Due to experi-
mental research, it can be concluded that, under the influence of a power equal to 212 mW, the optical
fuse device caused a break in the fiber link. This occurred as the result of the DUT destruction, caused
by an optical discharge during the phenomenon of the fiber fuse effect.
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Figure 3: The dependence of laser radiation power on time as the shape of the signal from the first
radiation receiver
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Figure 4: The dependence of the mean photon number on time, as the shape of the signal from the second
radiation receiver

Thus, we offer a protection method based on the fiber fuse effect as a defense against the powerful
laser emission attacks. We experimentally demonstrate that it is possible to protect a QKD system when
high-power CW laser radiation reaches approximately 200 mW of optical power. We should note that,
after the turning off the powerful continuous laser radiation and replacement of the damaged destructible
element, the rest of QKD setup elements were not damaged. Accordingly, the proposed destructible
element provides reliable protection against high-power radiation attacks.
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Abstract

Here we present the research on the dependence of the re-emission probability of InGaAs-based
single-photon detectors on the magnitude of the avalanche signal caused by registration event. We
exploited different mean photon number per pulse falling on the semiconductor structure of the
detector.

Single-photon avalanche diodes (SPADs) based on InGaAs semiconductor structures have gained
widespread application in quantum communication systems, particularly in quantum key distribution
(QKD). However, these detectors have several drawbacks, which, to the developers’ deep regret, can be
exploited by an eavesdropper to compromise the transmitted secret key. One such shortcoming is the
re-emission by the SPAD’s semiconductor structure of photons (the backflash) during the events of signal
registration or dark counts.

In study [1], it was demonstrated that the probability of re-emission does not depend on the mean
photon number per optical pulse incident on the SPAD’s semiconductor structure. However, the distri-
bution of re-emission probability over different magnitudes of avalanche signals has not been previously
investigated.
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Figure 1: Experimental setup for investigation of the backflash probability depending on the avalanche
signal magnitude during the SPAD count.

Based on the above, in this work, we attempted a more detailed investigation into the characteristics
of re-emission. We conducted a study on the dependency of the backflash probability on the magnitude
of the avalanche signal during a SPAD count. An experimental setup was developed for this experiment,
as shown in Figure The radiation source (LASER) is the pulsed laser operating at a wavelength of
1550 nm, which emits pulses to the single-photon detector under test (DUT) through the variable optical
attenuator (VOA) and the circulator (CIRC). The second SPAD is used to detect the photons re-emitted
by the DUT. Synchronization is achieved using a time correlator, which generates synchro-signals to the
DUT and SPAD based on the electrical signal from the LASER. The registration of the avalanche signal
during DUT re-emission is carried out using the oscilloscope, triggered by signals from the SPAD.
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Consequently, we conducted studies on the dependence of re-emission probability on the avalanche
signal magnitude during SPAD counts, which resulted in the statistics of backflash event distribution by
avalanche signal magnitudes (Figure [2)).
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Figure 2: Backflash events distribution by avalanche signal magnitudes

Ultimately, this work presents the distributions of re-emission probabilities for optical signals over
various mean photon numbers incident on the DUT. The findings of this research can be used for more
detailed analysis of side-channel leakage in the future.
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Abstract

This work presents the results of theoretical estimates of background noise and aperture losses
for daylight free-space quantum key distribution (QKD) systems operating on terrestrial horizontal
paths.

Introduction

The operation of free-space quantum key distribution (QKD) systems in daytime conditions is signif-
icantly influenced by background illumination caused by solar radiation scattered by the atmosphere and
reflected by various surfaces. The value of the quantum bit error rate (QBER), which directly depends
on the signal-to-noise ratio (SNR) of a receiving device, is used to assess the quality of free-space QKD
systems operation. To reliably distribute a secret key, the SNR must be at least 10. To reduce the
influence of background noise spectral, temporal and spatial filtering is used. The last one is limiting of
the receiver field of view and aperture. However, the latter also leads to a decrease in the value of the
useful signal caused by an increase in aperture losses. Thus, when designing optical systems of daylight
free-space QKD, their parameters must be selected to ensure the required SNR.

Results

We considered the case of the transmitter being located on a building against the background of a
surface that can be considered as a Lambertian scatterer. The number of background photons in this
case is given by

 Eypr (AN A2 NANAE)T, T, .
N 4hce ’ (1)
where Fj, is the spectral irradiance of the Lambertian scatterer; p is the reflection coefficient (albedo) of
the Lambertian scatterer; d and N A are the diameter and the numerical aperture of the receiving fiber;
A is the optical wavelength; AX is the spectral filter bandpass; At and 7 are the temporal gate width
and the quantum efficiency of a single photon detector (SPD); 7, is the transmittance coeflicient of the
atmospheric path; 7,. is the transmittance of the receiver optical system; hc are the Planck’s constant
and the speed of light.

The spectral irradiance of the Lambertian scatterer was determined using the SMARTS program
(Simple Model of the Atmospheric Radiative Transfer of Sunshine) [[l]. It calculates the spectral charac-
teristics of solar radiation near the earth’s surface in cloudless weather. The vertical surface illumination
by direct solar radiation and radiation scattered by the atmosphere for a wavelength of 1550 nm depending
on the time of day for different surface orientations relative to the direction to the north (azimuthal angle
Az) is shown in Fig. ma. The maximum spectral illumination for the summer period is 0.19 W/(m?nm).
To minimize background noise, it is proposed to isolate the Lambertian scatterer from direct solar ra-
diation. Then the maximum spectral irradiance due to radiation scattered by the atmosphere is 0.025
W/(m?nm). By blackening the scattering surface behind the transmitter, the reflection coefficient p=0.1
can be achieved. The calculation of the number of background photons was carried out for 2 km path
length, 1550 nm wavelength and single-photon detectors with an input multimode fiber having a core
diameter of 50 pm and a numerical aperture of 0.22. Then, assuming the transmittance coefficients of the

Ny
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atmosphere and the receiving optical system are equal to 0.65 and 0.75, respectively, with the spectral
filter bandpass of 1 nm, the temporal gate width of 1 ns and the SPD quantum efficiency of 10%, the
number of background photons is 9 - 10~® photon per gate. It is two orders of magnitude higher than the
dark count rate of the detector. Therefore, to decrease background noise, special efforts must be taken,
in particular, reduction the gate and the spectral filter width.

In this work, we also calculated the value of aperture losses depending on the diameters of the
transmitting and receiving optical systems apertures. The calculation was carried out taking into account
the influence of atmospheric turbulence on the Gaussian beam propagating through a free-space path
[, ]. Fig. mb shows the dependence of the aperture losses taking into account turbulence on the diameters
of the transmitting and receiving optical systems.

The dependence of the SNR on the transmitting and receiving optical systems diameters is shown in
Fig. mc. The SNR is given by

4he x 10~ 1a/10

T Eypr (ANAPZ AANAE

where p is the mean photon number per pulse at the output of the transmitting system, equal to 0.1; [ 4
is the value of aperture losses, dB.

SNR

(2)
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Figure 1: (a) The spectral irradiance of a vertical surface located in Moscow coordinates for June 21.
(b) The aperture loss value for a path L = 2 km taking into account turbulence and (c) SNR depending

on the diameter of the receiving system aperture with different diameters of the transmitting system
aperture (50 mm — red, 100 mm — blue, 150 mm — green)

With aperture diameters of the transmitting and receiving systems equal to 100 mm, the aperture
loss is 1.7 dB and the SNR is 36.

Thus, the free-space QKD system will be operational on 2 km terrestrial horizontal path on a bright
sunny day with apertures of the transmitting and receiving systems of at least 70 mm, isolating of the
scattering zone of the transmitter from direct solar radiation and blackening of the surface behind the
transmitter.
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Abstract

The research investigates the loopholes of the subcarrier wave quantum key distribution system
which are associated with the use of gating mode in single photon detectors. This paper illustrates
the ability of an eavesdropper to control the data received by the receiver. The results can help in
identifying similar attacks and developing a defense strategy for quantum key distribution systems.

Introduction

The most secure method of secret information transmission now is quantum key distribution (QKD)
systems. In such systems security is guaranteed by the fundamental laws of quantum mechanics [I], rather
than by the limited computing power of the eavesdropper. Although QKD protocols are theoretically
secure [2] [3, [4], practical implementations of these systems may have loopholes that can be exploited by
an eavesdropper to extract key information [5l [6]. One such loophole is the time window of operation of
the single photon detector. Currently, many practical systems use optical fibers as quantum channels and
operate at telecommunication wavelengths of 1550 or 1310 nm. Single photon detection in such systems is
often accomplished using InGaAs avalanche photodiodes. To minimize dark counts, this type of detector
typically operates in a gating mode. Therefore, by varying the timing of the pulse hitting the receiver
detector, the information recorded by the receiver can be controlled. In this paper, we investigated
the possibility of performing a time-shift attack on a subcarrier wave quantum key distribution system
(SCW QKD). Commonly, SCW QKD systems have a Bragg grating in the optical circuitry that separates
the subcarrier-waves from the center wave [7]. This fact allows the eavesdropper to perform additional
manipulations of the radiation in order to trigger the detector on demand.

Results

To verify the realization of no triggering, the eavesdropper uses a tunable time delay line to shift
the emissions relative to the triggering window of the single photon detector. The result is presented
in Fig.[ This paper investigates the operation of a SCW QKD system and an infiltrating intruder.
The main aspect of this attack is the ability of the eavesdropper to influence the states measured by
the receiver, therefore, to verify the feasibility of the time-shift attack, it is necessary to make sure
that the eavesdropper can change the state ”1” (single photon detector triggering) to state ”0” (single
photon detector no triggering) and reverse assertion. To test the realization of detector triggering,
the eavesdropper must perform additional phase modulation of the radiation. With the help of phase
modulators of the sender and the receiver will occur radiation at side frequencies, and phase shifts (Pa
and Pb) are introduced into the modulating signals. single photon detector triggering occurs in the case
of constructive interference (P, - P, = 0), no triggering in the case of destructive interference (P, - P,
= 7). Using a phase modulator, the eavesdropper modulates the sender’s radiation with a phase shift
P, different from 0 and 7. So the result of the subsequent modulation by the receiver, regardless of the
selected modulation will lead to the result that completely side frequencies are not missing, thus it allows
to provoke false triggering in the system. This fact is illustrated in Fig.[2]

This paper considers the simplest possible case and does not take into account important factors in
realizing such an attack, such as quantum efficiency of the detector. However, the attack can also be
modified and used in combination with other attacks.
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Figure 1: Experimental graph of sampling rate dependence on the time shift of the signal.
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Figure 2:  Spectrum of optical radiation after phase modulation obtained by modeling.(A,C) Modulation
by sender and receiver. (B,D) Modulation by sender, receiver and eavesdropper. (A,B) Destructive
interference case. (C,D) Constructive interference case.

Also in this paper it was shown that the time shift of the signal can be realized the absence of triggering
the detector, and the use of phase modulator in turn allows you to increase the probability of triggering
the detector.
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Abstract

We present a strategy combining the beam splitting attack and laser damage attack on quantum
key distribution systems. We tested this strategy on the attenuators, which are widely used in fiber-
based quantum key distribution systems. We simulated the deformation distributions in attenuators
resulting from the propagation of powerful laser radiation.

Introduction

Quantum key distribution (QKD) System provides a secure exchange of information between legiti-
mate users, guaranteed by the laws of quantum mechanics. However, if the eavesdropper (Eve) changes
the absorption of the fiber optic attenuator widely used for single-photon state preparation, then the
safety of such a system will be at great risk [I]. In Alice, a fiber optical attenuator is usually the last
component that interacts with laser radiation before passing through the quantum channel. However, for
eavesdroppers, the attenuator is the first component, which can be attacked by high-power laser radiation.

Experimental setup and results

We propose a novel attack strategy involving beam splitters for quantum key distribution (QKD)
systems. Evaluating this strategy allows us to derive a criterion for the effectiveness of QKD system
protection. The attack scheme is illustrated in Fig.[l]

Quantum .
memory |V 1-T(L)) Eve’s laser

Circ

Quantum
channel

Coupler |aVT(L))
/\ I
<>
3

Figure 1: Schematic representation of the attack. SPAD — single photon avalanche diode, QRNG —
quantum random number generator, ATT — Fiber-optic Attenuator

The proposed attack is based on a beam splitter attack, which is only feasible when a lossy channel is
used [2]. In the initial stage of the attack, an eavesdropper infiltrates the quantum communication channel
with a length of L. Alice sends the coherent pulses with mean photon number per pulse p. During the
attack, an eavesdropper uses a beam splitter with asymmetric transmission coefficients into the quantum
communication channel. This action diverts a portion of the state 1 — T'(L) into Eve’s quantum memory,
while the remaining portion of the coherent state T'(L) is sent to Bob through a channel with lower or
zero losses. Therefore, Bob receives undistorted states.
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At the second stage of the proposed attack, an eavesdropper begins to change the absorption of the
attenuator inside the Alice’s setup by employing powerful laser radiation. Thus, the average photon
number per pulse takes the form

p =107, (1)
where II is the magnitude of the attenuation coefficient variation.
We calculated the conditional von Neumann entropy to find an assessment of the protection efficiency

against this attack. The von Neumann entropy serves as a measure of uncertainty and assesses the degree
of key secrecy.

Considering the attack, the conditional von Neumann entropy

H(pxelpe) =1—C(p), (2)
where the Holevo quantity equals:

St n(1—T(L))"(1016)"
Cp) = e~ O-T(L)10T0 500 K ( (L))"(1010)

n!

— | _ e-n(-T(L)10%6 (3)

It can be seen that the lack of Eve’s information decreases with the rise of p value. Hence, even the
smallest drop of attenuation value compromises the QKD security.

To analyze protection against this ”Photon Sabotage” attack, we designed an experimental setup with
a powerful fiber laser acting as an eavesdropper. The test bench scheme is shown in Fig.[2] Continuous
laser radiation with a power of up to 5.5 W at a wavelength of 1561 nm is directed towards the attenuator
sample under test, thereby heating it, which can possibly result in alteration of the attenuator’s absorption
[B]. To monitor changes in the attenuation, another laser (LD2) at a wavelength of 1550.12 nm is
installed in the scheme, acting as Alice. Two radiation detectors (PM1 and PM2) are used to measure
Alice’s radiation power before and after the attenuator under test (DUT). A spectral filter (SF) with a
2 nm bandwidth and the operating wavelength of 1550 nm is installed in the setup to suppress reflected
radiation from the powerful laser LD1. Due to a powerful optical isolator (ISO), the intense continuous
laser radiation from the eavesdropping laser LD1 cannot affect Alice’s laser LD2 [4]. Since the samples
under test may experience the Fiber Fuse Effect, a 100 m SMF-28 fiber spool (FS) was added as a
protection against it.

LD1

azpdno)

Figure 2: Experimental setup

Using this method, we studied the effect of LDA on 3 similar samples of widely used commercially
available attenuators with 10 dB absorption, shown in Fig.[3p. Experimental data on the DUT attenuation
variation under high-power CW radiation is shown in Fig.[Bh. As seen from the graph, the investigated
attenuators are not resistant to the Photon Sabotage attack.
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Figure 3: : (a) Attenuation deviation of DUT under high-power CW radiation, (b) Image of used 10-dB
attenuator

We simulated the strain distribution depending on the power of laser radiation set at 5 W propagated
through the DUT. The obtained results are presented in Fig.[d] The simulation was performed using
COMSOL Multiphysics products.
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Figure 4: The results of modeling the strain distribution depending on the propagated power of laser
radiation, set at 5 W

Through modeling, we achieved a more profound understanding of the laser damage attack processes.
The proposed method for testing attenuators serves as a crucial tool for developers, enabling them to
enhance the security of quantum key distribution systems.
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Abstract

In this paper, the possible negative effects of the influence of turbulent disturbances in atmospheric
communication channels for entanglement-based quantum key distribution systems have been con-
sidered. In order to decrease such influence an active tracking system has been developed and the
results of its testing in a quantum key distribution system are demonstrated.

The main problem that communication participants face when transmitting quantum states through
open space communication channels is the loss of photons due to interaction with the Earth’s atmosphere
and turbulent air flows. For example, in [I], the fraction of losses that occurred directly in the atmospheric
data transmission channel due to optical path misalignment consists around 84% of all losses (-38dB). In
this paper, we consider BBM92 quantum key distribution (QKD) protocol [2], which uses polarization-
entangled photon states. A variation in the polarization of photons leads to errors in their detection,
and, therefore, can lead to a violation of key generation along with photon losses during the passage of a
turbulent medium. Thus, the problem of the possible effect of turbulence on photon polarization is also
of particular interest. Theoretical studies and numerical experiments on this topic have been conducted
before [3], [4]. However, in order to experimentally simulate a QKD system running BBM92 protocol, it
is necessary, first of all, to experimentally verify the results of a numerical experiment demonstrating the
absence of the effect of turbulent flows on the polarization angle in a real experiment. It can be achieved
with a turbulent chamber, which allows modeling a turbulent atmospheric channel. Thus, an experimental
verification of the polarization angle variation during the passage of an atmospheric channel is performed
under real-world conditions. Then, a similar atmospheric channel is experimentally simulated and the
efficiency of the developed tracking system designed for refraction losses compensation is evaluated.

Experiment

The experimental setup for determining the polarization angle variation when light passes through a
turbulent medium is shown in Figure

In this experiment, a collimated laser beam with a width D ~ 1 cm at a wavelength A = 810nm passes
through the system (3-13). Using the system (3-5), by rotating the quarter-wave (4) and half-wave (5)
plates, V-, H-, D-; A-, L- and R-polarized light is prepared. Passing through the turbulent chamber(6), it
is exposed to turbulent air flows (7) (Fried’s parameter for this turbulent medium equals r = 3mm, which
allows us to assert that this medium is significantly inhomogeneous), and then measured using the system
of the quarter-wave and half-wave plates (8) and (9), as well as the polarizer (10).Thus, it is possible to
measure the power of the transmitted light and then to determine the Stokes parameters. By comparing
the values of the Stokes parameters with the turbulent chamber turned on and off, it becomes possible to
determine the difference in the polarization of light states during the passage of an atmospheric channel.
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Figure 1: The scheme of the experimental setup for determining the effect of turbulent air flows on the
polarization, where: 1 is the single-mode optical fiber connecting the 810 nm laser (14) and the input
of the experimental setup, 2 and 11 are the collimators, 3 and 10 are the polarizers, 4 and 9 are the
quarter-wave plates, 5 and 8 are the half—~wave plates, 6- the turbulent chamber, 7 — turbulent air flows,
12 — the multimode optical fiber, through which light enters the input of the power meter 13.

The experimental setup for the QKD implementation with the system for experimental simulation of
atmospheric turbulent channels using an active tracking system consists of two main parts: the source of
entangled states (an untrusted center) with the detection and control electronics unit and the system for
simulating an atmospheric channel with the active tracking system included. The active tracking system is
designed to correct distortions of the beam propagation direction introduced by the atmospheric channel
(Figure [2)).
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Figure 2: The setup for the active tracking system testing. 1) The lens system for a laser with A =
780 nm 2) The beam splitter 3) The turbulent chamber 4) The output of the entangled photon source A
= 810 nm 5) The fixed mirror 6) The piezo mirror 7) The mechanical feedback system 8) The dichroic
mirror 9) The light filter 10) The quadrant detector 11) The light filters and the single-mode fiber to the
single-photon detector

In this experiment, polarization-entangled photons are directed to the single photon detectors. In this
case, one photon is sent to the detector directly from the output of the source of entangled states, and
the other additionally passes through the simulated atmospheric channel. The number of coincidences in
the two channels is the measure for the quality of the active tracking system.

Thus, two signals are received at the input of the active tracking system from an untrusted center
with a source of entangled photons: a signal at a wavelength of 810 nm, which represents polarization
single-photon states and a tracking signal at a wavelength of 780 nm, designed to automatically adjust
the receiver’s system to maximize the number of registered photons at a wavelength of 810 nm.

Results

In this work, the absence of any significant influence excluding the refraction effect of atmospheric
turbulence on polarization states during a QKD session has been experimentally demonstrated.
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The developed active tracking system effectively compensates for the negative effects of photon refrac-
tion on turbulent inhomogeneities of the medium and mechanical fluctuations of the source of entangled
photons. The application of the active tracking system increased the number of coincidences from ~ 1.5

% to 50-75 % (Table , depending on the conditions in the atmospheric communication channel.

Table 1:  The number of registered photon coincidences observed by Alice and Bob under different
conditions.
Experiment 1 9 3 4 5 6 7 3
number
Active tracking off off on off on on on on
system mode
Turbulent
chambers AT, K 0 0 0 75 75 180 180 180
Piezo mirror 0 Sin(2rt)  Sin(2nt) 0 0 0 Sin(2rt) | AV
signal side
Coincidence | g5 4 41 | 4725 2246 £37 | 48+ 9 2613 £60 | 2082480 1821 £ 71 | 1602 =115
frequency, Hz

Thus, this work demonstrates the possibility of efficient key distribution using polarization-entangled
photons through the real atmospheric channel, due to the absence of changes in their state, as well as
significant minimization of losses during the passage of a turbulent medium.

References
[1] Nauerth S., Moll F., Raul M., Fuchs C., Horwath J, Frick S., Weinfurter H., Air-to-ground quantum com-
munication. Nature Photonics, Letter, vol. 7, 382-386, 2013, doi 10.1038 /nphoton.2013.46.

[2] C.H. Bennett, G. Brassard, and N.D. Mermin, Quantum cryptography without bell’s theorem. Phys. Rev.
Lett., 68:557, 1992.

[3] Z. Tao, A. Abdukirim, C. Dai, P. Wu, H. Mei , Y. Ren, C Luo, R. Rao, H. Wei, Atmospheric turbulence does
not change the degree of polarization of vector beams. Journal of the Optical Society of America B, February
2023.

[4] Q. Wang, S. Yu, Y. Zhou, L. Tan, J. Ma, Influence of atmospheric turbulence on coherent source in a
horizontal long-distance laser link. Optics and Laser Technology, Volume 122, February 2020, 105877.

54



/‘/\A\

Miass, Russia February 25 - March 2, 2024

7th International School on Quantum Technologies

Countermeasure to an attack with induced photorefraction in visible range
on quantum key distribution systems

Boris Nasedkin!?*, Azat Ismagilov!, Vladimir Chistiakov?, Andrei Gaidash'3*,
Anton Tcypkin', Anton Kozubov!?*, Vladimir Egorov??3

L Laboratory of Quantum Processes and Measurements, ITMO University, 199034, 8b Kadetskaya Line, Saint
Petersburg, Russia
2 Laboratory for Quantum Communications, ITMO University, 199034, 3b Kadetskaya Line, Saint Petersburg,
Russia
3SMARTS-Quanttelecom LLC, Saint Petersburg, 199178, Russia
4 Department of Mathematical Methods for Quantum Technologies, Steklov Mathematical Institute of Russian
Academy of Sciences, 119991, 8 Gubkina St, Moscow, Russia
*E-mail: banasedkin@itmo.ru

Abstract

In this work we studied transmission spectra of an isolator and a circulator in 400-800 nm range.
We demonstrated that the circulator has a transmission window in the range of 400-506 nm, which
can be used by an eavesdropper to implement an attack based on induced photorefraction. Moreover
we propose to utilize the isolator as a potential countermeasure against the attack due to its spectral
properties.

Introduction

The security of quantum key distribution (QKD) systems relies on the fundamental laws of physics.
Nonetheless, imperfect devices in QKD systems introduce vulnerabilities that can be exploited by eaves-
droppers during its attacks to extract additional information about the transmitted bits (often referred
to as ”quantum hacking”). The efficiency of certain attacks is contingent upon the spectral properties of
the optical elements employed in the system.

In this context, a crucial methodology for identifying vulnerabilities involves spectral measurements
of the components transmission within the considered system. Presently, various studies have explored
spectral vulnerabilities within 600-2100 nm range for fiber-optic components of QKD systems [T}, 2] [3]
4]. Moreover, it has been demonstrated that attacks utilizing even shorter wavelength radiation are
conceivable. Among these attacks induced-photorefraction attack (IPA) [B, 6] is worthy of note, as
its efficiency amplifies at lower wavelengths. The main aims of the attack are phase and amplitude
modulators based on photo-refractive crystals, where alterations in refractive index or transmittance can
occur under the influence of optical radiation.

We studied the transmission spectra of a dual-stage fiber-optic isolator and a circulator within the
wavelength range of 400-800 nm in order to define if they can be used as countermeasures against IPA. The
selection of these elements for investigation is motivated by their prevalent utilization as countermeasures
against attacks occurring at different wavelength ranges.

Result

To measure the transmission spectra of the elements under study we assembled an experimental setup
which consisted of a radiation source, three neutral filters, a system for introducing radiation into an
optical fiber, and a spectrometer (USB-2000-FLG, Ocean Optics). In this work we used a laser pumped
plasma broadband light source (XWS65, ISTEQ). As a result, we obtained transmission spectra presented
in Figurdd]

Measured transmittance of the isolator in the range up to 772 nm turned out to be less than the
minimum power that can be measured in our setup (Fig). This transmittance value in the considered
range may be associated with strong absorption in the magneto-optical crystal used in the isolator, since
an unpolarized broadband radiation source was used and it can potentially depend on the number of
stages in an isolator. For 772-800 nm range the maximum transmission value was found to be -44.5 dB.
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Figure 1: Measured transmittance for a) dual-stage isolator (reverse connection); b) circulator (black line
is for transmittance from port 1 to port 3, grey line is for transmittance from port 2 to port 4)

Studying the circulator, we did not detect any signal when measuring transmission from port 1 to
port 2 and vice versa. The measured transmittance of the circulator from port 1 to port 3 is presented
in Figure [Ib. It can be seen that the circulator transmits optical radiation in the range of 400-506 nm
where transmittance is higher than for the standard QKD operational wavelength (1550 nm). Maximum
transmittance was found to be -31.1 dB at 419 nm. Transmission in the reverse direction coincided with
transmission in the direct connection.

Conclusion

We have demonstrated that the transmittance of the isolator over the considered wavelength range
is less than -44.5 dB. Presumably, this level of transmission is due to the absorption of radiation by the
magneto-optical crystal. The transmittance of the circulator varies from -30 to -45 dB for the 400-506 nm
range. We assume that this may be due to reflections from the optical components used in the circulator.

The obtained results demonstrate that the investigated isolator can be used as a short-wave filter
against IPA. The circulator could also be utilized in a similar way, but more complex circulator-based
filtering systems require additional testing before installation into QKD systems.

The study is partially funded by the Ministry of Education and Science of the Russian Federation
(Passport No. 2019-0903).
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Abstract

The work proposes a protocol for quantum key distribution using axially symmetric polarization
beams invariant to rotation of the radial coordinate in a plane normal to the beam propagation axis.
It is shown that axial polarization symmetry makes such beams insensitive to rotations relative to the
optical axis, which makes it possible to use them to transmit information in cryptographic protocols
in space communication systems. The mechanism of mode formation using cube corner reflectors is
shown in detail.

The development of quantum key distribution (QKD) systems is due to the increased requirements
for the protection of information in communication networks [I]. The BB84 QKD protocol, which is
basic for quantum cryptography, uses two bases of single-photon quantum states with linear polarization.
With the use of advanced single-photon detectors and low-loss fiber lines, secret key distribution speeds
of the order of 100 Mbit/s over distances of tens of kilometers have been achieved at the moment [2] B].

It is important to note that the application of the BB84 protocol with linear polarized bases for the
QKD tasks of low-orbit spacecraft is significantly difficult due to the need for fixation the position of the
light polarization plane at each moment of time by both transmitting and receiving systems on Earth and
in space. It was shown in [4] that in transmitting optical laser systems, the polarization state changes
significantly for different points of the hemisphere. In the case of the polarization protocol, this means
that the two bases rotated at 45° depend on the mutual orientation of the transmitting telescope and the
spacecraft.

This problem can be eliminated if beams with an axially symmetric polarization structure are used
[5]. It is proposed to use the polarization degree of freedom of such beams as an information carrier
in QKD systems. Figure 1 shows the intensity profile of such beams, the arrow shows the direction of
polarization at each point in transverse plane of beam.

Figure 1: Beams with axial symmetry intensity distribution: a) radial-polarized beam; b) axial-polarized
beam; ¢) right-twisted polarized beam; d) left-twisted polarized beam

Obtaining beams with a given axial polarization structure and their detection are two individual tasks.
The methods of their production can be divided into two main ones: the first is intracavity methods,
when first—order modes are generated instead of the main laser mode [6], and non-resonant methods using
diffraction optical elements [7].

It was shown in [8] that second-order beams are formed when a linearly polarized beam is reflected
from a cube corner reflector (CCR), in particular, in the presence of a special interference coating of the
faces, a second-order optical vortex is formed. The use of such optical elements allows quickly control
the polarization of optical vector fields, which is a key point for their use in cryptographic systems. The
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problem of beam detection in a classical cryptographic channel can be solved using a device acting as a
radial polarizer [9].

However, for quantum channels, the use of absorbing elements — radial polarizers, is unacceptable.
Based on this constraint, we consider the procedure for detecting polarization degrees of freedom in
the configuration of the Mach-Zander interferometer, the elements of which are CCRs. In this work we
propose a scheme for the rapid generation of beams with given axial polarisation structure, as well as
the encoding and decoding of quantum information within the framework of the QKD protocol (Fig.2).
Switching between the generation of different basis states is realized by changing the phase, which ensures
faster operation of the generation scheme compared to schemes with spatial light modulators.
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Figure 2: The optical scheme of Alice’s transmitting device, consisting of a) a scheme for generating
optical vortices using CCR, b) a Mach-Zander polarization interferometer and c) an optical scheme of
Bob’s receiving device. In the diagram: PBS, BS — polarization and regular beam splitters, HWP, QWP
— half- and quarter-wave plates, PM — phase modulator, OAM 41 — phase hologram changing the value
of the topological charge of the beam, L. — collecting lens, M — mirror, 7/3 — phase plate, SFD —
single-photons detector, PP — controlled phase plate.
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Abstract

The backflash attack is one of the various side channels attacks on quantum key distribution
system (QKD). To test the sustainability to this attack for the QKD system, it is necessary to
measure the maximum possible backflash probability from each detector inside the receiver setup. In
this paper we report the result of research on backflash probabilities dependencies on the wavelength
of stimulating laser.

Quantum key distribution (QKD) provides two legitimate users (Alice and Bob) with an absolute
secure key. This level of security is ensured by the laws of quantum mechanics. The key remains secure
as long as the implementation of the QKD system satisfy specific requirements. Any discrepancy in
physical characteristics of the components can lead to the information leakage to an eavesdropper (Eve).
A side channel of information leakage found in QKD systems is the backflash emission from InGaAs
single-photon avalanche photodiodes (SPAD). That is so-called the backflash attack [1].

In recent decades, active studies of the properties of backflash emission have been carried out. The
dependencies of the backflash intensity on the quantum efficiency of the SPAD, the temperature, the
SPAD gate widths and the mean photon number per pulse of the stimulating emission were obtained
previously [2, B]. The backflash spectrum was also measured in [4]. In this paper, the dependency of the
probability of the backflash on the stimulating laser’s wavelength is investigated. A noticeable deviation
of the backflash probability from the average value in a certain spectral range of the stimulating emission
can either lead to a loophole in the QKD system for Eve or the opportunity to reduce information leakage
through this side channel selecting the communication wavelength.
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Figure 1: The scheme of backflash probability measurements dependencies on wavelength of stimulate
laser by optical reflectometry.

A classical optical time-domain reflectometry (OTDR) scheme was used to measure the backflash
probability [2]. The experimental setup is shown in Fig. The pulsed supercontinuum laser operating
in the range of 400-2400 nm was used as a source which stimulates detection events on the SPAD under
test (DUT SPAD). The wavelength was selected by the tunable acousto-optic spectral filter operating
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in the range of 1100-1550 nm. To minimize the reflection noise, the laser emission was attenuated to a
weak coherent pulses level by the variable optical attenuator (VOA). All backflash photons from the DUT
SPAD entered the measuring SPAD (MEAS SPAD) through the optical circulator. The laser and the
SPADs operate at 10 MHz frequency. The generator of electrical synchro pulses is located in the laser.
The MEAS DUT is synchronized with the laser by means of a time controller, while the DUT SPAD is
synchronized with it via an optical channel using an additional pin-diode.

The histogram shows the backflash photons as a function of the time delay between the laser pulse and
its detection by the MEAS DUT. Fig. a) shows the combined backflash and reflected photons statistics,
the separate statistics of reflected photons, and the difference between these statistics representing the
separate backflash photons. The backflash probability is evaluated as [2]:

Ngpp
N77 (1)
PNmeasTch

where Np - the number of the DUT SPAD counts, Ngg - the number of the backflash counts, neqs -
the detection efficiency of MEAS SPAD, 7., - the optical channel transmission from the output of the
DUT SPAD to the MEAS SPAD.
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Figure 2: a) The histograms of backflash and reflected counts distribution for stimulating laser at 1300
nm; b) the relation of the backflash probability to the stimulating laser’s wavelength.

As can be seen in Fig. b), the backflash probability practically does not vary with the stimulating
emission wavelength. The value is approximately 1.25 %. Therefore, it can be assumed that there will
be no noticeable changes in information leakage through the side channel when the stimulating laser
wavelength varies and the QKD system will be protected taking into account the system protection
measures. However, considering a wider spectral range as well as minimizing the spectral step of the
measurements, more accurate dependencies can be expected.
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Abstract

The dead time duration influence of single photon avalanche diodes (SPAD) on the main param-
eters of a quantum key distribution (QKD) system is considered.

Introduction

In quantum key distribution systems, the signals responsible for transmitting encrypted data are
transmitted over an open channel. In practice, these signals are pulsed radiation attenuated to a quasi-
single-photon state. To registrate signals of such low power, SPADs are used, one of the parameters
of which is the afterpulsing probability, that is, false SPAD’s clicks after any previous clicks [I]. To
reduce the afterpulsing probability, the SPAD is usually blocked for a specified time, called dead time
[2]. The detector locking can be done in two ways: at the hardware level by reducing the voltage below
the breakdown voltage of the SPAD or at the software level by skipping clicks.

We have conducted a study of the dead time influence of SPADs on the main parameters of the QKD
system, such as the magnitude of quantum errors in the sifted key (QBER), the quantum key generation
rate, the registration frequency of quantum states, etc. The study was carried out for two lines: 2 m and
50 km long. For each line, a procedure was carried out to obtain a sifted key for the following dead time
values: 8, 400, 1000, 4000, 10000 ns.

Experimental results

The experiment was carried out on QKD system based on the phase-time coding [3]. The average
results for 100 series of quantum key generation for each cases under consideration are shown in Fig.[l]
Based on the data obtained, the following conclusions can be drawn:

e For short lines, dead time has a more significant effect on the system parameters, especially on the
registration efficiency of quantum states with one detector (Fig.) and the length of the sifted key
(Fig.), up to complete generation failure.

The reason for this is that losses on long lines lead to an overall decrease in the registering probability
of arriving photons, thereby increasing the average time between clicks, which can be even longer
than the set dead time.

e Reducing the number of received bits of the sifted key in a series can lead to the addition of missing
bits from the next series. The consequence of this is an abrupt decrease in the secret quantum key
generation rate (Fig.[[b) and, accordingly, the key generation time (Fig.[I{d).

e It is worth noting that the magnitude of quantum errors in the sifted key (Fig.[It) for the 2 m line
reaches a minimum at a dead time of 8 ns (QBERg,s=5.9%), and for other dead time values is
~10% more (QBER400—41000ns = 6.6%). While for a 50 km line the minimum is achieved at dead
time values of 400-1000 ns and is QBER400—_1000ns = 6%, and in other cases also increased by about
10%.
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Figure 1: Averaged parameters during the quantum keys generation depending on different SPAD’s dead
time: (a) Registration efficiency of quantum states with one detector, clicks x1073; (b) Secret quantum
key generation rate, bit/min; (¢) Quantum error value in the sifted key (QBER), %; (d) Key generation
time, sec; (e) Length of the sifted key, bit x103.
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Abstract

Quantum key distribution (QKD) systems are able to provide data transmission security guaran-
teed by the fundamental laws of physics. However, there are several attacks exploiting side-channels
information leakage such as the Trojan-horse attack. The information leakage is determined by the
Holevo bound of an eavesdropper’s (Eve’s) quantum system, which in turn depends on the fidelity
between Eve’s states. Here we present different upper bounds for the fidelity, considering BB84
polarization and phase-coding protocols.

Quantum key distribution (QKD) systems ensure data transmission security, underpinned by fun-
damental physical laws. Real-world implementations, however, exhibit technical imperfections, leading
to inadvertent information leakage via side channels, such as the Trojan-horse attacks. Typically, QKD
systems employ a phase modulator for state encoding or basis selection. The Trojan-horse attack aims
to extract phase modulator information by injecting intense optical radiation into the sender’s (Alice)
or receiver’s (Bob) setup and measuring the reflected signal. To mitigate such attacks, it is imperative
to assess the level of reflected signal [I], as it determines the distinguishability of states correlating to
different bits, thereby influencing attack success probability.
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Figure 1: The pure-states (red) and mixed-states (purple) lower bounds and coherent states case (blue)
for square root of fidelity between different bit phase-coded states.

The reflected signal level is quantified as the average photon number in pulses returning to Eve
(LEve). Previously, leakage information assessments were limited to coherent states or other model-
based assumptions about Eve’s radiation state [2]. This work establishes an upper limit for information
accessible to Eve in Trojan-horse attacks on BB84 protocol-based QKD systems using polarization or
phase coding. We derive an analytical expression for this limit, determined by the fidelity between Eve’s
various radiation states (generally mixed), which in turn is expressed through the vacuum component
probability in her radiation. We demonstrate that this probability can be constrained using only (1gye).

63



/‘/\A\

Miass, Russia February 25 - March 2, 2024

7th International School on Quantum Technologies

Additionally, we derive an explicit expression for the secret key length, utilizing the Holevo quantity.
Surprisingly, the Holevo quantity for generalized attacks can be bounded by a function dependent only
on the fidelity between different side channel states and Eve’s auxiliary system states.

Fig.[I] illustrates the dependence of the square root of fidelity n between Eve’s states on the average
photon number in a pulse. The graph shows the derived bounds for pure states and the general case of
mixed states. Notably, both bounds asymptotically align with the curve for coherent states as (ugye)
approaches zero, remaining consistently lower. This highlights that our derived bounds are more apt for
security analysis.

Our approach can be extended to any side-channel information leakage in QKD systems and, com-
bined with experimental data, can be employed for comprehensive security analysis of QKD systems.
Furthermore, the approach is anticipated to be applicable to the Decoy-state method.
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Abstract

Quantum key distribution (QKD) is a quantum communication protocol based on principles of
quantum mechanics, information carriers in which are quantum objects such as photons. Implemen-
tations of QKD utilizing fiber communication lines are widespread. The phase encoding is commonly
used in such lines. Meanwhile, in free-space channels, polarization-encoded protocols are usually used
due to their relative implementation simplicity and robustness of polarization in free-space propa-
gation. It would seem to be impractical to use a phase encoding across free-space channels due to
distortions of temporal and spatial modes of photons during propagation through an atmospheric
turbulence. Here, we investigate free-space different types of delay interferometers which perform
passive optical correction of multi-mode signal. So far we have observed the interference visibility =~
97.3 % , which allows us to believe that practical QKD implementation with this interferometer is
possible.

Introduction

Quantum key distribution (QKD) [I] is a method of sharing secret keys between two legitimate parties
involved in the communication process. QKD over fiber communication channels has achieved great
results and QKD experiments over 421 km fiber were demonstrated [2]. However, there is a fundamental
limitation in increasing of communication distances over optical fiber due to its internal losses. Free-space
QKD experiments are usually based on polarization-states protocols, since they are simple to implement
and the polarization is almost not affected by the atmospheric turbulence.

Considering free-space quantum channels it is important to note that the implementation of polarization-
state protocols implies quantum measurements to be conducted directly in the free-space channel, conse-
quently the receiving telescope can not be separated from the measurement device by significant distances.
However, sometimes it’s convenient to collect signal after the receiving telescope into an optical fiber and
transmit it to the place where it can be comfortably measured. Either single-mode or multi-mode optical
fiber can be used for this purpose. In the first case, it’s appeared to be impractical to collect into a
single-mode fiber the signal which is distorted by atmospheric turbulence, because a large loss level oc-
curs. In the second case we need to refuse from polarization-states protocols because information about
the polarization is lost when signal enters a multi-mode fiber. A convenient alternative to them is a phase
encoding [5]. However, commonly used delay interferometers don’t allow to obtain required interference
visibility with a multi-mode signal.

Here we investigate two types of multi-mode free-space delay interferometers for analyzing phase-
encoded photons. Such interferometers can be used in implementation of QKD protocols based on phase
encoding. Experiments on visibility measurements with such interferometers have been already conducted
[3]. However, we are going to implement phase-encoded QKD system over multimode communication
channels using a signal at the wavelength of 1550 nm, instead of 850 nm, which has been done in this
work. Such a choice of the wavelength is caused by the requirement for the QKD system to operate
sustainably during the daytime, which implies a presence of a background radiation. It leads do decrease
of the secret key rate, which is undoubtedly undesirable. Also the important reason of using the specified
wavelength is that the number of modes, propagating in a multi-mode fiber is inversly proportional to
the square of the signal’s wavelength, so at the input of a multi-mode interferometer there is much less
modes in a laser beam, which leads to easier adjustment and maintaining of such an interferometer.
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Experimental setup

The schematic setup for the visibility measurement experiment is depicted in the Fig. We use
a continuous wave laser at the wavelength of 1550 nm with an intensity modulator as a source of laser
pulses, which propagate through a short (about 30 cm) free-space channel, enter a multi-mode fiber, and
then the investigated interferometer. We register the output signal with a PIN diode and observe it as
waveforms on the screen of an oscilloscope. As it was mentioned earlier, we investigate two types of
multi-mode interferometers, the exact construction of which is depicted in the Fig[2] and also here you
can see the signal at the output of these interferometers as well as visibility values corresponding to these
signals.
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Figure 1: The schematic setup for the visibility measurements experiments.
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Figure 2: Multi-mode delay interferometers. (a) Interferometer scheme (type 1) proposed in article by J.
Jin et al. [4]. (b) The signal at the output of type 1 interferometer (the dependence of a voltage (mV)
on time(ns)). (c) Modified Michelson interferometer. (d) The signal at the output of modified Michelson
interferometer.

During the following month we are aimed to conduct a complete QKD experiment at the base of the
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existing commercial QKD system, produced by InfoTeCS company. The whole experimental setup for
this experiment is depicted in the Fig. 3. Based on the obtained results we expect to achieve quantum bit
error ratio (QBER) of 2% for Jin’s interferometer and QBER of 5% for modified Michelson interferometer.
It would be a great pleasure to present the results of our research on the 7th International School on
Quantum Technologies.

SPAD
MMF
Collimator Collimator
" . SMF MMF Multi-mode delay MMF
Modified fiber-based IMZ —dj [ - interferometer SPAD
Alice's electronics PC Bob's electronics

Figure 3: The schematic setup for the complete QKD experiment based on the commercial QKD system,
produced by InfoTeCS company.
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Abstract

The typical problem for satellite quantum key distribution (QKD) is the inability to accurately
determine the background noise in the communication channel due to changes in the parameters over
time, different weather conditions, and varied reflected light from the satellite. Here, we propose an
original method for estimating the signal-to-noise ratio (SNR) that corresponds to a certain interval of
a QKD session by using the fast qubit-based frequency recovery procedure. To validate our approach,
we conducted an experiment that simulated a QKD session between the Micius satellite and the 600-
mm aperture ground station, with extra random channel break.

Satellite-based quantum communication is a promising technology for the secure worldwide sharing
of data [Il [2]. However, the restricted communication time and dynamic parameter changes limit the
maximum secret key length. To acquire the maximum possible key length, the time frames with a
permissible noise level during the QKD session must be determined. We suggest to estimate the SNR of
each second of a communication session using time filtering based on frequency recovery approach.

Frequency recovery method

Frequency recovery is an important part of the time-synchronization procedure based on photon
qubits. The method [3] consists of three steps: preliminary compensation of the Doppler effect, pulse-
repetition frequency (PRF) scanning of the registered signals, compensation of the frequency drift.

Frequency drift compensation is performed in a manner that is independent of the phenomena causing
this drift. According to our method, the time moments of registration are transformed as follows:

At = / £t (;0 - f(lt)) dt (1)

where At; is the time increment to the registration moment of the i-th pulse, f(¢) is the time dependence
of the PRF of the signals that are registered on the ground station, f = 10® Hz is the target PRF, and
t; is the registration moment of the i-th pulse.

The proposed transformation utilizes the time-dependent function of PRF, which is calculated in the
way as described in [4]. PRF scanning of the registered signals is carried out in a certain frequency range
that corresponds to the maximum frequency shift around the initial frequency. Therefore, to reduce the
scanning frequency range, we preliminarily use Doppler effect compensation.

Experimental setup and data

To verify the method, we simulate the satellite-to-ground QKD under cloudy conditions. We model
the count rate with a source of signal state with attenuation at an arbitrary time, simulating floating
clouds.

Weak coherent pulses with = 0.8 photons per pulse and a pulse duration (FWHM) of 1.2 ns are
used as information signals. The modulation depth of PRF (Af) corresponds to the frequency drift that
is caused by the Doppler effect. The calculated losses and influence of the Doppler effect correspond to
the Micius satellite passage above the zenith of the Zvenigorod ground station, according to our satellite-
to-ground QKD model [5]. The duration of the modeled session (A7), ranges of changes of the elevation
angle, the distance (A8, Al) and other simulated parameters are provided in Table
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Table 1: Key parameters of the model experiment.
fo, MHz Af kHz FWHM, ns A0, degrees Al, km AT, sec
100 2.2 1.2 20 - 90 500 — 1186 285

The frequency recovery procedure is performed for each second of the acquired data, where we analyze
the temporal distribution in the period of the signal and evaluate the mean noise for that second. The
temporal distributions with high and low levels of signal are shown in Fig. Here we propose that
the signals are within the time frame with boundaries of +1 ns from the peak of the histogram, and to
estimate the level of noise, we average the signals at a considerable distance (£4 ns) from the distribution
peak. Thus, the SNR is the ratio of the information signals to the mean noise for a given time interval.
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Figure 1: The temporal distribution of the registered photons for a second of the simulated QKD session.
a) The typical temporal distribution for a second with the high SNR; b) The temporal distribution for
a second that corresponds to the arbitrary attenuated part of the session.

We have presented a method that simplify the processing of the received quantum signal. This
procedure based on frequency recovery procedure allows us to estimate the SNR for each time frame
obtained during real satellite quantum communication session. As a result, only informative frames are
selected from the entire communication session. Hence, we believe that our method will be effective for
further satellite-based QKD experiments.

This work was supported by the Ministry of Education and Science of the Russian Federation in the
framework of the Program of Strategic Academic Leadership “Priority 2030” (Strategic Project “Quantum
Internet”).
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Investigation of the effect of attenuator made by fusion splicing offset fiber
ends on the excitation of cladding modes in a single-mode fiber
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Abstract
Effect of attenuator made by fusion splicing offset fiber ends on the excitation of cladding modes
in a single-mode fiber was investigated. It was demonstrated that redistribution of light from the
fiber core to the cladding caused by offset into attenuator can cause a vulnerability in QKD systems
under certain conditions.

In theory, the security of quantum key distribution (QKD) systems is guaranteed by the fundamental
laws of quantum mechanics [I]. Rigorous proof of protocol security suggests that quantum states are
single-photon, but the use of single-photon sources is currently fraught with technical difficulties [2].
Most QKD systems utilize optical pulses attenuated to a quasi-single-photon level, however the mean
photon number must not exceed a specified value. Various types of attenuators exist, including: bulkhead
attenuators of the “female-female” with a fixed set of attenuation values, attenuators based on a collapsing
mirror [3], cascade attenuators [4], attenuators based on the offset of the fiber cores during fusion [5, 6} [7].
The latter type allows to create an attenuation of any value depending on the offset of the cores of two
fibers relative to each other. The design of the attenuator is such that upon offset and subsequent fusion,
the core of one fiber is fused to part of the cladding of another fiber, as shown in Fig[l] which can stimulate
the excitation of cladding modes and create vulnerability of QKD systems under certain conditions. For
example, if an eavesdropper finds a way to obtain information about the transmitted states as a result
of excitation of cladding modes, or can change the preset attenuator value and increase the mean photon
number in order to subsequently perform a photon number splitting attack (PNS attack).

The aim of this work is to study the effect of fused fiber optic attenuators on the excitation of cladding
modes in a single-mode fiber and the conditions under which vulnerability of QKD systems containing
these attenuators may arise.

Fig[Th schematically shows the ends of the fibers brought together in the optical fusion splicer, as well
as images of the fused site with different lateral offsets. For the study, standard single-mode fibers with
a core diameter of 9 um, cladding diameter of 125 um, and acrylic buffer of 250 um were used.

Electric arc
Acrylic buffer (@ 250 pm) —
Glass cladding (@ 125 pm) -

1 N
\17;

Jatera_l
offset

a b C

Figure 1: Realization of the attenuator. a — scheme of the attenuator, b — image of fused site without
offset, ¢ — image of fused site with lateral offset

Initially, an attenuator with a nominal value of 24 dB was produced by fusion of two pieces of fiber
(pigtail) (Fig[2h). Acrylic buffer stripping (removing) stages are shown in Fig|(b, ¢, d). At each stripping
stage, the mean power was measured by a power meter. A laser with a pulse repetition rate of 10 M H z,
a pulse width of 0.5 ns, and a wavelength of 1550 nm was used in the experiments.
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Figure 2: Experiment scheme. 1 — laser,
2 — power meter, red dot is fused site; a — fiber Figure 3: Change in attenuation as the acrylic
completely in the acrylic buffer (initial atten- buffer is removed: a, b, ¢, d — the stages of
uation), b — 235 mm of the acrylic buffer re- the acrylic buffer removal are similar to Fig. [
moved, ¢ — 350 mm of the acrylic buffer re- Upper graph — attenuator without offset, lower
moved, d — fiber completely without acrylic graph — attenuatior with offset, initial attenua-
buffer tion 24 dB

It is evident that the attenuation decreases, (Fig as the area of the fiber with the removed acrylic
buffer increases, i.e. an increase in the power of transmitted radiation is observed. This occurs due to
the improvement of conditions for the propagation of radiation in the glass cladding due to the removal
of the acrylic buffer, which has a higher refractive index than the glass cladding. Moreover, if the fiber
fused site was made without offset, the power does not increase as the acrylic buffer is removed. In this
case fluctuations in the laser power (Mean = 4.337 pW, ST D = 4 nW) are observed.

It can be concluded that the use of mentioned attenuator leads to the excitation of cladding modes ,
which increases the transmitted radiation power when the acrylic buffer is removed near the attenuator.
However, the acrylic buffer also functions as a cladding mode filter, so in the presence of such coating,
the modes in the cladding quickly decay. In actual conditions, access to QKD equipment is restricted,
therefore eavesdropper does not have the physical ability to remove any amount of the acrylic buffer near
the attenuator. Acrylic buffer removal in a quantum channel is an ineffective strategy for an eavesdropper,
since the acrylic buffer inside the equipment absorbs and dissipates the cladding modes. We assume that
an attack with powerful radiation from the quantum channel aimed to remove the acrylic buffer fail
due to the damage of the optical components. Further work will be aimed at studying other types of
attenuators.
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Abstract
In this work we propose a protocol of the generation of squeezed Fock states by the one or
more photon subtraction from a two-mode entangled Gaussian state. We have demonstrated the
construction an error correction code for quantum calculations based on squeezed Fock states. It is
shown that the first squeezed Fock state corrects both photon loss and dephasing errors better than
higher-order states.

Non-Gaussian states and non-Gaussian operations are vital elements of the modern quantum compu-
tation and quantum information in continuous-variable. First of all, the interest to non-Gaussian states
and non-Gaussian operations is motivated by the potential use of such states in quantum error correction
(QEC) protocols. Today error correction protocols have been proposed for various quantum non-Gaussian
states [I} [2].

Squeezed Schrodinger cat (SSC) states [3] are the one of the example of quantum states applied
for QEC codes. Based on them, the QEC has recently been developed [4]. It is capable of correcting
two types of errors simultaneously: phase errors and photon loss errors. In contrast to QEC protocols
on ordinary Schrodinger cat states [3], the protocol on SSC operates with states with small amplitude.
However, the question of efficient generation of these quantum states with high fidelity and probability
remains open. It is important to note that in all QEC protocols [T}, 2], the non-Gaussian states proposed
as the logic basis states cannot be exactly generated in conventional evolution processes. In view of this
issue, of special interest would be a non-Gaussian state which, one side, is efficient in an QEC protocol,
and which, on the other side, can be obtained as the result of a conventional evolution process.

As a good candidate for the aforementioned state one can consider the squeezed Fock (SF) states
[B]. With resects to their performance in QEC protocols, the SF states are quite competitive with the
Schrodinger cat states [3] and the SSC states [3], which were recently proposed for such protocols [I 2].
As for a possibility to generate a SF state in a conventional evolution process, it was shown [5] that it is
possible by the subtraction of a photon form the state resulted from the interference of the vacuum and
squeezed vacuum at a beam splitter.

)

PNRD

. : Entanglement @

operation
A
| U

v (.’171, IQ)

Figure 1: Scheme for generating squeezed Fock states. In the figure: S, So are two quantum oscillators in
squeezed states, ¥ (z1,z2) is entangled state of two input oscillators, PNRD is photon number resolving
detector, Out is output state.
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In our work, we will consider the scheme for generating SF states in a general form (see Fig. 7 taking
into account the procedure for measuring photons in one of the modes of a two-mode entangled Gaussian
state [6]. We will show how to choose a resource Gaussian state to obtain an exact (with fidelity equal
to 1) SF state in the given configuration. The peculiarity of our work is that the relations we find are
valid for the generation of any SF state: with any squeezing degree and any number. We also address
the probability of generation of a SF state under the condition of its fixed degree of squeezing.

We have studied in detail the problem of QEC in a quantum channel with particle loss and dephasing
errors are present [7]. We have shown that SF states can be used to encode information in such a channel.
These states have a certain parity and a structure in the phase space. That is why we considered them as
the main resource for QEC. It is important to note that these states used for encoding can be accurately
generated experimentally [6].

To compare different quantum codes with each other, we exploit the KL cost function [4]. Using this
function, one can give a quantitative measure for evaluating different code words. Applying this measure,
we have shown that the first SF state is the best for information protection in a channel with both particle
loss and dephasing errors. In this case, the squeezing degree should be large enough. In this work, we
have found that for a squeezing parameter r > 1.7, the code based on the first SF state performs better
than the code based on SF states with any other number.

We compared code words based on the first SF state with code words based on the SSC states. We
have shown that the code based on the first SF state is better suited for information protection in a
channel where both particle loss and dephasing errors are present. We demonstrated that for the same
squeezing degree of the two states, the KL cost function of the SF state is smaller for a channel with two
types of errors. In other words, the first SF states better protect the information in a channel where both
particle loss and dephasing errors are present.

This work was financially supported by the Russian Science Foundation (Grant No. 24-22-00004
and Grant No. 24-22-00318) and the Theoretical Physics and Mathematics Advancement Foundation
"BASIS” (Grants No. 21-1-4-39-1). SBK acknowledges support by the Ministry of Science and Higher
Education of the Russian Federation on the basis of the FSAEIHE SUSU (NRU) (Agreement No. 075-15-
2022-1116).
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AnHoTanus

WNurerpanmpaast GOTOHUKA IMTUPOKO TPUMEHSIETCSI B KBAHTOBBIX TEXHOJIOTUSIX. 1 DA UITHOHHBIE KBAH-
TOBBIE€ UHTErPAJIbHO-OIITUYECKIE CXEMbI, KaK [IPABUJIO, OCHOBaHbI HA OJHOMOJIOBBIX BOJIHOBOmaxX. O
HaKO MH(MOPMAIINIO B MHTEIPAJIBHBIX ONTHYECKUX YCTPORCTBAX MOXKHO KOJMPOBATH B TPOCTPAHCTBEH-
HBIE MOJ[bI MHOT'OMOJIOBBIX BOJIHOBOJIOB, YTO MOXKET 00JIaaTh PEUMYyIecTBOM. AHaau3 COGCTBEHHBIX
MO/I, sIBJISIETCSI 3aTPY/IHUTEJbHOM 3a/1a4deii [1JIsl N30IHY ThIX BOJIHOBOJIOB 110 IIPUYUHE CJIOXKHOM JMHAMU-
KM COOCTBEHHBIX MO/I, KOTOPBIE IMOABEPKEHBI CMEIIEHIIO, YTO TPUBOJAUT K MCIOJIb30BAHUIO 3aTPATHBIX
110 BPEMEHU BBIYUCJIEHUsT YUCJICHHBIX METOIOB. B manHOit pabore mpesioxken 6osee 3hdHeKTUBHBIN
criocob pacyera UX JUHAMUKU.

HUcnonp3oBanne JIMHEHTHO-ONTHIECKIX CXEM SIBJISIETCS OJHUM U3 BEJIYIIUX OJIX0I0B KBAHTOBBIX BBITHIC-
sennii [I]. Ograko, uCHoOIb30BaHUE OJHOMOJIOBBIX OINTHYECKUX BOJHOBOJOB COIPOBOXKJIAETCS YBEIUIEH-
eM MacImTaboB JUHEHHO-OIITHYECKOH CXeMbI. BBIXOIOM U3 9TO# CUTYAIINMHI MOXKET CJIY?KUTh HCIIOJIb30BAHNIE
MHOI'OMOJIOBBIX BOJIHOBOJIOB. CJIOXKHOCTB X pacyuera 3aKJII0UaeTcs B OCTYTCTBUU aHAJMTUIECKOTO pelle-
HUS JJId HEKOTOPBIX TUIIOB, KOTOPBIE UCIIOJIB3YIOTCS B MHTEI'PAJIbHO-OIITUYECKUX CXeMaX, HallpuMep JJId
PAMOYTOJIBHBIX BOJHOBOJOB, OKPY2KEHHBIX CpeJOil ¢ MHBIM ITOKa3aTeseM IIPEeJIOMJICHUS].

OOBEKTOM UCC/IEIOBAHUS JAHHONW PADOTHI SIBISETCS IIPOU3BOJIBHBIN M30TNHYThI MHOTOMOJIOBBIA BOJI-
HOBOJI, C IPSIMOYTOJIBHBIM TIONIEpeIHbIM cevdenneM. CepJieBrHa BOJTHOBO/IA 33/1aeTCst (DYyHKIIMEH KPUBU3HBI
K(s).

st HaxXoXKIeHUsT COOCTBEHHBIX MOJ| M UX TOCTOSIHHBIX PACIIPOCTPAHEHUS JIJI MHOTOMOJIOBOT'O BOJI-
HOBO/1a HEODXOIMMO PEINTH ypaBHEHUE [ eIbMIoIblia JIJTsi HAIPS2KEHHOCTH JIEKTPUIECKOro T0JIsi. BbLio
[IOJIy9I€HO ypaBHEHNE Ha COOCTBEHHBIE MOJIBI C YIETOM KPHUBOJUHEHHBIX KOODIAUHAT &, 1), S JJId YIACTKOB
BOJIHOBO/IA C TIOCTOAHHOU KPUBU3HON
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rue U, (p, k) — upocTpancTBeHHbIH TpOhUIIb MOJIBI ¢ HHIAEKCOM M, By, (K) — HOCTOsIHHAS PACIIPOCTPAHEH WS
POCTPAHCTBEHHON MOJIBI ¢ UHIEKCOM M, n(p) — MOMepedHoe PACIIPeIeIeHNe TOKA3ATEIs] TPEIOMIIEHHS]

} O ko9 0
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YUCJIO JIJIS JAHHOM JUIMHBI BOJIHBI A IIPU PACIPOCTPAHEHUH B BaKyyMe.
Meron pactuera JIUHAMHKU COOCTBEHHBIX MOJI OIMPAETCS HA ypPaBHEHUE u He TpebyeT WUCIOJIb-
30BaHUs] BBIYUCJIUTEIBHO 3aTPATHON PA3HOCTHON umciieHHOM 3D cxembl, 0OBIYHO MCIOJIB3YIOIIeics 1pu

pacdeTax MHTETIPAJIbHO-OIITHYECCKUX 9JIEMEHTOB U IIO3TOMY MOXKET OBITH MCIOJIb30BAH IIPpU IIPOEKTUPOBa-

0 = 27/ — BoTHOBOE

HUU ONTUYECKUX JIEMEHTOB HA OCHOBE MHOTOMOJOBBIX BOJTHOBOMOB. OH MOXKET YCKOPSTH JM3aiH TaKUX
3s1eMeHTOB. s mintocTpalun paboThl IPEJJIOZKEHHOIO0 METOa UCCIIENYEeTCs CTPYKTYPa C CEPAIIEBUHON
U3 KPEMHUs U OKPYZKaoIel cpeioit n3 okenya kpemuns (PucyHok .

N3rubsr B MHONOMOJZIOBOM BOJIHOBOJIE JIEJIAIOT BO3MOXKHBIM CMeIeHne coocTBeHHbIX Mon. CwmerreHnue
COOCTBEHHBIX MOJI TIO3BOJISIET 33/[aBaTh 3HAYMMBIE PEOOPA3OBAHUS MEXK/Iy BXOJHBIM M BBIXOIHBIM CHUI-
HaJIOM, KOTODBIE OIIPEJIe/ISIOTCS CJIeIyIONUM YpaBHEeHUEM

Cl) = T({p}, n(s))C™" (2)

rze C%) i CUM)— BekTOPHI AMIUIHTYI BXOJHBIX M BBIXOIHBIX CUTHAJIOB, T — MATDPHIA IPeoOpa30OBaHMs
(cMerenmst) MOJ, KOTOpasl 3aBUCUT OT HAGOpa IapamMeTpoB {p}, 3aJar0MUX eOMEeTPHIO0 U ONTHIECKUEe
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Puc. 1: Pucynok nccaeayeMoro MHOroMO0BOTO BOJTHOBO/JIA C 38 IAHHBIMU HOBBIMU KPUBOJIMHEHHBIMUA KO-
opauHaTaMu &, S, 1) ¥ IJIOCKOCTBIO CEUEHNUs, B KOTOPOil 0003HAYUEHBI OOJIACTHU C PA3JIMIHBIMA ITOKA3ATEISIMA
PEJOMJIEHUST: Nepre - TIOKA3ATEDH TIPEJIOMJIEHUS CEPAIEBUHBI, Ncjqq - TIOKA3aTEb IIPEJIOMIIEHUS OKPY7Ka-
IOIeN cpelbl.

CBOIMCTBA B IIONEPEYHON IJIOCKOCTH, U KPUBHU3HBI K(S), KOTOpas 3aBUCUT OT HPOJOJIBHON KOODIUHATHI
s (0 < s < L), tne L — pjuHa BOJHOBOAA. 3aBUCHMOCTH MATPUIBl 1 OT mapaMerpoB UCCIIeIyeMOit
CTPYKTYPBI IPUBOAUT K HEOOXOAMMOCTHA PACCUUTHIBATH CMEIIEHNE MO/ B BOJHOBOJAX C IIPOU3BOJILHON
Beayteit dyHKInei.

AHnaju3 cMmereHnst MOJI B OCHOBHOM IipousBouTcst MeTogoM FDTD, KoTopblil siBjisieTcsi 3aTpaTHBIM €
TOYKU 3PEHUsI BpeMeHU BbruucjeHuii. B Hacrosieit pabore pemaercs: nuddepeHImajipbHoe YpaBHEHNE Ha
AMILIUTY/IBI COOCTBEHHBIX MOJ[ C YI€TOM MX CMEIIEeHUsI, OJ1aromapss KOTOPOMY MOYKHO ITPOU3BECTH OIEHKY
JAUHAMAKA TPOCTPAHCTBEHHBIX MOJ[ MHOIOMOJIOBOTO M30THYTOI'O BOJTHOBOA MEHee 3aTPATHBIM CIOCODOM.

Crmcok mrepaTyphl

[1] Jeremy L. O’Brien. “Optical Quantum Computing”. B: Science 318.5856 (2007)
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Wave Mixing of Classical and Non-Classical Signals on a Single
Superconducting Artificial Atom
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Abstract

A cascade of two superconducting artificial atoms — a source and a probe atom — strongly
coupled to semi-infinite waveguide is a promising tool for the observation of non-trivial phenomena
in quantum nonlinear optics. In particular, the probe atom may act as a scatterer for antibunched
output from the source, which lead to specific properties of the field generated by the probe atom.
We experimentally demonstrate the wave mixing between nonclassical light from the coherently cw-
pumped source atom and another coherent wave acting directly on the probe atom. We observe the
specific features of wave mixing stationary spectrum and show that they could not be reproduced
by any combination of two classical waves mixed on the probe atom. These features are perfectly
described by the theory [I] for a strongly coupled cascaded system of two atoms. We further use
theory to calculate the entanglement of atoms in stationary state, make predictions about the non-
classical spectra of mixing for various ratios of atom’s radiative constants. We illustrate the connection
between expected correlation function of the source field and wave mixing side peaks corresponding
to a certain number of scattered photons.

(a) detectors

— \
opaque Q Q\
screen \% ‘§/
cw laser cw laser

— MW ® MW ® <A, -
source atom/ ’)@ / %\
b
() r@ atomn, Q

rf generator spectrum analyzer

)

rf generator

directional |-10 dB
coupler,— AN~ AN
—

circulator

Probe qubit

Figure 1: (a) The optical concept of the experiment. The probe atom scatters two coherent fields:
the non-classical one cominng from the source excited through small aperture in opaque screen, and the
classical wave comes from external rf generator. In turn, the field from the probe is carefully detected and
analyzed. (b) The simplified sketch of waveguide-QED microwave setup for the same type of experiment
with two superconducting transmon qubits in the dilution refrigerator.

Superconducting electrical circuits in quantum regime could be treated as single artificial atoms with
arbitrarily engineered and controllable energies and transition rates. We place a single two-level supercon-
ducting atom into the coplanar waveguide, and a strong coupling between the circuit and electromagnetic
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modes of the continumm is easily achieved [2]. We study nonlinear mode mixing (intermodulation) on
the single atom [3, ], and find specific features of nonlinear spectra, which could be attributed to the
quantum nature of the scatterer. Particularly, we construct and study the cascaded quantum system of
two artificial atoms, and observe non-classical features of nonlinear intermodulation within the system.

The observed effects may be useful in future applications of nonlinear optics and photonics. The
cascade quantum system consists of two artificial atoms, ans the radiation of the source atom is directed
to a probe atom connected to the same waveguide through a cryogenic circulator. When both atoms are
in resonance and irradiated with nearly resonant microwaves, it is possible to measure the wave mixing
spectrum and show that it has non-classical features due to nonlinear intermodulation in the atom-probe
system. The observed behavior is well explained by the theory developed by Gardiner and others [I] for
cascade atomic systems, in which unidirectional coupling is accounted for by a Lindblad term:

L = oy ([675,55] + 63, 0671 M

As a result of experiments, we record the spectrum of coherent emission of the probe. The spectrum
reveals the suppression of nonlinear processes where more than one photon from the source is involved,
and the domination of processes where only one photon from source is taken.

This work is carried out within the framework of the Roadmap for the development of high-tech
direction “Quantum Computing” for 2020-2024. All samples are made on the equipment of the MIPT
Center for Collective Usage.
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Dynamics of laser cooling and trapping of alkali atoms in pure-optical
two-frequency light trap
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Abstract

The laser cooling and trapping of alkali metal atoms in pure-optical two frequency trap is studied
in details. The atoms with initially high velocity can be cooled and trapped by bichromatic laser
field that opens up possibility to realize principally new type of optical trap.

Laser cooling of atoms is used for a wide range of scientific research:
quantum sensors; to studding Bose condensates and Fermi gases; to
create optical frequency standards [I, [2]. For solve these problems,
the development of efficient methods for deep laser cooling of atoms
5, are required. We consider two-frequency light field configuration where
E, both fields have a dissipative effect on atoms, which make possible to
2% s achieve fast and efficient laser cooling and trapping of alckali atoms [3].

<2m e The cooling of lithium atoms was considered as an example, but the
L 172 method can be applied to other atoms, for example the rubidium atom.

8, The complexity of the implementation of laser cooling of SLi Fig.

67099 K lies in fact that the width of hyperfine splitting of energy sublevels is
= comparable to 7 - the natural linewidth that results to pumping both
) v hyperfine sublevels of the ground state.

2 81/2—<:;' o The results represent achieved kinetic energy of cooled atoms for
e v 0 various light field configurations are represented on the Fig.[2 S; =
€22/ (462 4+ ~?), where Q; - Rabi frequncy of standing wave, §; - de-
Figure 1: Level structure of 6Li taining between light and resonant transition, and v - spontaneous re-
atom. laxation. The possibility of cooling atoms below the Doppler limit in

fields double lin L lin configuration has been demonstrated.

In addition, a study was carried out of the dynamics of the capture of atoms into a macroscopic
superlattice formed by a two-frequency field Fig.[3] The possibility of capturing atoms with a speed of
about 60 m/s has been demonstrated, which corresponds to the speed of capturing atoms in a magneto-
optical trap.

The study was supported by a grant from the Russian Science Foundation Ne23-12-00182,
https://rscf.ru/project/23-12-00182/.

10.05 GHz
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51 61

Figure 2: kpT.rs =< p*/M > value in hy units for different polarisation configuration configuration of
bichromatic field (parameters Sy = 0.1,5; = 0.1): a) double o™ — ¢~ ; b) double lin L lin
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Figure 3: The phase-space trajectory of an atom entering to the macroscopic trap formed by double
lin L lin configuration of bichromatic field. The red (lower) line corresponds to atom trajectory in the
trap with parameters (6o = —1.5v, 01 = —v, So = 0.1, S; = 0.3). The initial velocity of atoms on the
trap boundary v = 7+/k ~ 25 m/s. The green (upper) line corresponds to the atom’s trajectory in
the trap with do = —10v, §; = —2.57, S = 0.05, S; = 0.5. The initial velocity of atoms on the trap
boundary v = 17+/k ~ 60 m/s. The blue arrows define the direction of the trajectory evolution.
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Abstract

In this work, we offer new quantum sources of light based on 2D network materials that obey the
power law degree distribution. These sources are the random (A-class) laser and the superradiant
(D-class) one. We introduce a novel network-enforced cooperativity parameter and justify it for the
interaction of quantum two-level systems placed in network nodes with laser irradiation. We show
that in such media the collective effects may be strongly enhanced in the quantum domain.

Introduction

Random lasers can be called one of the most interesting manifestations of the formation of macroscopic
coherence as a result of random scattering of light in a disordered, optically active medium cf. [I]. Since
such lasers do not require external resonators, their properties are determined by the amount of radiation
scattered in the medium. On the other hand, superradiant sources of light may be considered in the
cavity-free (or bad cavity) limit. In [2] it is shown that at the steady-state vanishing number of photonis
is enough to establish a macroscopic polarization of the media that causes the quantum field release and
leads to superradiant lasing phenomenon. To achieve superradiance in practice a number of conditions
is required to fulfill. To describe them we introduce the cooperativity parameter

Co=—o, (1)

which usually characterizes the interaction of a single two-level system with a quantized field within
various problems of quantum optics. In , g is the single-photon Rabi frequency; k, vp ~ 1/75 are
the cavity decay and spontaneous emission rates, respectively. 75 is the spontaneous emission time in
vacuum. Collective effects occur with rate v, ~ Cyyp. Thus, the superradiant state needs «p much larger
than vp and depolarization rate I'. More generally, we require N~. > yp or

2
Cn=NCo =N 1, 2)
KYD

where gy = gv/N is the collective Rabi splitting parameter. Thus for superradiance establishment, the
large value of the cooperativity parameter is crucial.

In this paper, we show that 2D material with a network structure provide unique opportunity to
enhance the cooperativity in the media, e.g. [3]. The network properties are vital in this case, determining
both the lasing threshold and the transition between random and supperradiant lasing regimes. We focus
here on the specific class of the networks, described by power-law degree distribution (PLDD), cf. [4]
(number of nodes N > 1)

(0= 1)kim

p(k) = p min) (3)

where 7 is a degree exponent; k is the node degree; k,;» is the smallest degree, for which Eq. holds;
+oo

p(k) obey normalization condition [ p(k)dk = 1.

min
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Laser models based on 2D network structured materials

Now consider a laser designed in a 2D material with a network structure. In this case, assume that in
each node of this network, a two-level system (TLS) is placed, which can be in a ground (|g);) or excited
(le);) state. These TLSs interact with quantized e.m. field via the set of waveguides representing edges
of the material network graph; this e.m. field we describe by annihilation (creation) d;(d;") operators.
Another field in this system, R, is a classical weak injection (control) field. Thus, we represent the
Hamiltonian of the system in the form

N M N (k) N
| . TN ftae | oan o n .
H= 3 Zwo,igf + prhaﬁai + gz Z (ajTai +d;67) + ZzR(aiJr — dy), (4)
i=1 i=1 i=1j=1 i=1
where 67 = |e)ii(e] — |9)ii(g| is the operator of population inversion for the i-th TLS (i = 1,...,N);
67 = |g)iile|, 67 = (6;7)1 are the ladder operators; wp, is the resonant frequency of the i-th TLS

transition from the ground, |g);, state to the exited, |e);, one; g represents the strength of a single TLS
interaction with the photonic mode of frequency wyy,. The number of modes is M = N (k), where (k) is
the average node degree of the network structure. Thereafter we use units when Planck constant 7 = 1
for simplicity of notation.

Figure 1: Sketch of the laser, which represents an ensemble of two-level (spin) systems located within
complex network nodes. The network edges may represent projections of photon-guiding channels on a
plane. The pink cylinder represents a classical pump field.

Current quantum technologies provide a variety of facilities for the realization of 2D materials with
network interface plotted in Fig. [I] For example, we can exploit two-level atoms trapped at the surface
of a 2D structure by Casimir—Polder effect leading to the attractive van der Waals forces, cf. [5]. Thus,
we can vary broadly the material parameters of TLS networks depending on particular realization.

For the model described by Hamiltonian the cooperativity parameter may be introduced as

(c.f. (1))
2

In the framework of the rotating wave approximation we also introduce collective mean-field variables as

1L 1o .,
E=(E); J.=5> 67 D=5 60, (6)
=1 =1

where E, J_, and D are the average photon field, TLS polarization, and population inversion in the net-
work, respectively. Taking into account the Gorini— Kossakowski—Sudarshan—Lindblad approach from @,
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we get mean-field equations (cf.[6]):

E = 7(ZAZ + g)E — igKNJ_ —+ v/ <k>R, (7&)
. T

J.==5J +igkDF, (7b)
D = (yp —p) — (vp +vp)D + 2igx (E*J_ — EJ), (7c)

where dots denote derivatives with respect to time; gx = gm is the modified Rabi frequency; A; =
wph — wo,; is the detuning; I' = vp + yp + 2I'y is the total depolarization rate; yp is the TLS incoherent
pumping rate; I's is the dephasing rate inherent to inhomogeneous spectrum broadening. Egs. @ are
the subject of our analysis in this work.

A-class laser

Eqgs. @ may be considered in the framework of various classes of lasers. These classes are relevant
to the ratio between key parameters of the system which are x, I', yp, and A;. For A-class lasers
we suppose that solution of obeys condition I' > &, g,vp,vp,|Ai|- In this case, polarization and
population imbalance may be eliminated. For the normalized photon field ¥ = E/ V'N we obtain

B (2(9\/@)21\]1)0 B f)\I/ B 16(9\/@)4]\72%@3 .

I'2(vp + D) A ®)

where r = \/@R/ VN. Eq. represents a mean-field equation characterizing the photon field evolu-
tion in the A-class (random) laser. Noteworthy, all network peculiarities are encoded in average node
degree (k). The nonlinear term proportional to ¥? plays an important role in the non-equilibrium phase
transition occurring in the random laser. For the steady-state solution of , U = 0, we obtain

T 2

0= AV — BU® 4, (9)

where 5
Cik

K
A=2(CrDy—1), B=-—L1"_
2(F 0 ) (vp + D)

DO? (10)

where we have introduced cooperativity parameter

492N 4¢9%(k)N
Cr=—5— = 11
r I'n 'e (11)
which may be recognized as a total network-enforced cooperativity (NEC) parameter that includes de-
polarization /dephasing rate. In Do = (vp —vp)/(vp + vp) is steady-state population imbalance.
Equations @[), define the second order phase transition to lasing for real order parameter ¥, when
r ~ 0 and

CrDy > 1, (12)

where the condition is fulfilled and lasing occurs, ¥ = /A/B.

In Fig. Pa), we plot time-dependent normalized field amplitude |¥|, collective polarization of TLS
|J_|, and their population imbalance D as a solution of (r' =r/k). As seen, the steady state tends
to establish some non-zero photonic field, which clearly corresponds to the lasing regime.

D-class superradiant laser

Now let us examine superradiant state formation for the 2D system. Although such a state is relevant
to quantum features of TLSs (dipoles) polarization, some vital properties may be elucidated in the
framework of @ For superradiance, we require the bad cavity limit that corresponds to fulfillment of
inequalities k > T', g, vp, |A;|. In this case, photon field F may be eliminated together with population
imbalance, while for the polarization variable we obtain (see [6])

. c2
Jo=2, I - WT”JE. (13)
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Figure 2: Mean-field dependence of normalized field amplitude |¥] (the solid lines), TLS polarization |J_|
(the dashed lines), and population imbalance D (the dotted lines) on dimensionless time ¢ for (a) A-class
and (b) D-class (superradiant) lasers, respectively. The control field is normalized as ' = r/k, A; = 0,
Dy = 1. The other parameters are x/(vp +7p) = 0.5; £/T' = 0.1 for (a) and v = 10; yp/k = 0.01; 7" =0
for (b). Dependence of |J_| vs. ypt below the threshold is shown in the insert to (b).

From Eqs.7 it is clear that for the superradiant laser, it is more suitable to consider macroscopic
polarization J_ as the order parameter instead of the field ¥. Then consider the steady-state J_ = D = 0.
E is complex now, while J_ is real, and we obtain D = 1/Cr. Then the normalized is field amplitude

may be obtained as
o= 2 -1 -GG+ 1+ G (14
2K Cy’

where we introduce dimensionless pumping (v = vp/vp) and dephasing (G = 2T’y /yp) rates. In , we
define another NEC parameter

Cy = , (15)

which characterizes cooperative effects for superradiance in a complex network structure.
Similar to the A-class laser, the curves for |¥|, [J_|, and D are ploted in Fig. [2(b). One possible to
find the superradiant lasing effect that implies non-zero |¥| and |J_|.

Conclusion

To summarize, in this work we have proposed the laser model based on 2D network structured material
and analyzed it in two limiting cases. The first limit corresponds to the A-class (random) laser, and the
second limit - to the D-class (superradiant) laser. We have revealed the nonequlibrium phase transitions to
lasing in both cases. We have shown that in such media the cooperativity parameter, which provides the
random and superradiant lasing effects takes a form of network-enforced cooperativity strongly dependent
on the network properties. Thus, the collective effects may be strongly enhanced in network-structured
media, which opens new perspectives in random and superradiant laser implementations.
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Abstract

In this work, the generation of quantum light in the synchroniously pumped optical parametric os-
cillator (SPOPO) taking into account the influence of dispersion in a nonlinear crystal is investigated.
For this purpose, a theoretical model based on a system of coupled quantum harmonic oscillators was
cosidered. We estimated the degree of squeezing of the received light in balanced homodyne detection
and suggested a way how it can be optimised depending on the strength of dispersion.

Quadrature-squeezed states of light play a huge role in the study of many fundamental and applied
questions of quantum optics and information theory. For example, squeezed light can be used to encode
information in a quantum communication system with a high degree of its security [I} 2] or to increase
the sensitivity of gravitational wave detectors [3].

A common way to obtain quadrature-squeezed light is to use a synchroniously pumped optical para-
metric oscillator (SPOPO) represented in the Fig. In SPOPO, due to the nonlinear process of
paramatric down-conversion, a high-energy pump photon with frequency w,, splits into two photons of
the signal and idler modes with frequencies w, and w;, respectively. With a specific choice of cavity
parameters and dielectric susceptibility of the nonlinear crystall, photons of signal and idler modes would
be absolutely indistinguishable, resulting in the generation of a squeezed (or entangled ) state of light.

Figure 1: Scheme of the SPOPO consisting of a ring cavity with a nonlinear x(?)-crystal inside. The
pumping is depicted by a blue line (a, b), output light — by a red line (¢). The traversal time T of cavity
is equal to the repetition rate of pump pulses, i.e. T = Tp.

In this work, we analyzed the quantum properties of SPOPO light using its representation as a set of
superemodes [4]. The supermodes are temporal modes obtained from the linearization of the Hamiltonian
describing the parametric down-conversion process inside the SPOPO. We demonstrated that the presence
of dispersion leads to the coupling of the supermodes, i.e. the time evolution of such a system is governed
by the set of differential equation for coupled quantum harmonic oscillators.

The influence of mode coupling in the presence of dispersion is shown in Fig. [2} Here for simplicity
the spectral density of a photocurrent are plotted in the case of equal amplification of an every supermode
with/and without dispersion. The upper panels correspond to the local oscillator (LO) phase ¢ = 0 and
the stretched quadrature of light. In contrast, the lower panels correspond the the LO phase ¢ = 7 and
the squeezed quadrature of light.
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Figure 2: Photocurrent spectral density for the two different local oscillators homodyne phases: ¢ = 0
(the upper panel), ¢ = 7 (the lower panel).
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Abstract

A bright source of polarization-entangled photon pairs with a wavelength of ~ 1.5 ym and a
spectral width of < 5 MHz has been developed. The source operates on the basis of spontaneous
parametric down conversion in a PPKTP crystal placed in a high-Q optical cavity. The wavelength
and spectral width of entangled photon pairs are adapted to be stored in an optical quantum memory
based on an atomic frequency comb protocol in a " Er®*:Y,SiOs crystal.

Entangled photon pair sources are a fundamental component of various quantum information sci-
ence applications, including optical quantum computing, quantum repeaters, quantum teleportation, and
quantum communications [I} [2]. One of the main methods for generating entangled photon pairs is spon-
taneous parametric down conversion (SPDC) in nonlinear crystals [3, 4]. Two-photon states generated
by SPDC in a free-space typically have a spectral width from 100 GHz to THz [5], which is several orders
of magnitude greater than the line-width of typical optical transitions in rare-earth doped crystals used
in optical quantum memory (< 1 GHz) [6]. However, it has been demonstrated that SPDC sources in
a cavity can generate bright, narrow-band biphotons, which allows them to be used to store photonic
qubits in quantum memories and quantum repeaters [7]. In this work we present the implementation of
a narrow-band source of polarization entangled photon pairs using a type - II SPDC crystal placed in a
high-Q optical cavity. The generated states are adapted for storage in optical quantum memory based
on the atomic frequency comb protocol in the *7Er3*:Y,SiO5 crystal, which was also experimentally
implemented in this work.
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Abstract

The work studies microwave transmission through a one-dimensional waveguide with an array of
qubits coupled to a multilevel system. Examples of such systems include various Josephson amplifiers
and couplers. Dependences were obtained for transmission and reflection coefficients, and a prob-
ability amplitude of a qubits excitation. For the case when the qubit is connected to a Josephson
bifurcation amplifier, it is shown that the shift of the effective frequency of the qubit increases with
the number of quanta of the measuring amplifier, and the resonance curves have a non-trivial form.
The effects of collective excitations of the qubits array are discussed.

At present, experiments on nondemolition measurement of arrays of non-interacting qubits placed in
a one-dimensional open waveguide [I] have been implemented, as well as metamaterials have been created
that allow controlling the band gap of such a waveguide by tuning the qubits frequencies [2]. Often in
experiments, qubits interact not only with the waveguide line, but also with other multilevel systems,
which inevitably leads to complex nonlinear effects. To describe and predict such effects, it is important
to be able to quantitatively calculate the influence of the state of multilevel systems on experimentally
measurable characteristics. As a model, we consider a one-dimensional waveguide containing an array of
qubits that interacts with Josephson bifurcation amplifiers.

To describe and study microwave transport processes, we find it convenient to use the projection
operator formalism and the method of the effective non-Hermitian Hamiltonian. In the one-photon
approximation there is the probability of photon absorption by a qubit in addition to the probabilities
of transmission and reflection. Note that one of the first applications of this method for investigating
microwave transmission through a one-dimensional qubit chain was presented in the paper [3].

When the measuring amplifier is in the ground state it introduces a minimal perturbation into the
behavior of the photon. Fig[Th-c shows that the effect on microwave transmission increases with an
increase in the average occupation number of the measuring oscillator initial state. Such a non-trivial
change in the resonance curves is due to the the Fock basis is not eigen for the measuring amplifier.
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Figure 1: (a) Dependence of the average occupation number on the measuring amplifier level number.
The separation of the spectrum into two branchs occurs near the separatrix energy [4]. (b) Dependence
of the qubit excitation probability on the average occupation number of the measuring amplifier initial
state and the incident photon frequency. (c) The cross-sections of the Fig for different levels of the
measuring amplifier.

When calculating an array of qubits coupled to multilevel systems, the non-Hermitian Hamiltonian
method quickly increases in complexity. We propose to use a generalized method to solve the scattering
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problem, taking into account the interference of the incident and reflected photons when propagating
from one qubit to another. As a result of numerical modeling, for an array of qubits, the dependences
of the probability amplitude of excitation of an individual qubit were found. Fig[2]shows the calculation
results for the reflection coefficient for two qubits for various system parameters.
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Figure 2: The reflection coefficient of a single-photon field with a frequency w from two qubits with a
frequency Qs = 1.1Q;. The results are presented for different spontaneous emission rates I'y /Ty, with
Ty = 0.010;.

The results obtained can be useful for effectively shifting the frequency of two-level systems, as well
as selective qubits excitation with close frequencies. In addition, the demonstrated method allows us to
calculate the microwave transmission in arrays of qubits placed in a waveguide line and numerically study
the effects of collective excitations.

The work was supported by the Ministry of Science and Higher Education of the Russian Federation
(State Assignment FSWR-2023-0035).
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Abstract

We considered a time evolution of a spin-polarized atomic ensemble continuously optically pumped
and probed by the external light fields. Due to the collective scattering of photons at large optical
depth, the quantum state of atoms does not correspond to an uncorrelated tensor-product state, as is
usually assumed. Instead of this, one can find the ensemble in the multipartite entangled states. Here
we employed the Dicke model and cumulant analysis to study the dynamics of such states beyond
mean-field theory approximation. We obtained a time hierarchy of high-order cumulants, representing
pure multipartite correlations between atoms of the ensemble.

The Dicke model is a fundamental model of quantum optics, which describes the interaction between
light and matter. It was inspired by the pioneering work of R. H. Dicke on the superradiant emission
of light in free space [I] and named after him. According to the Dicke model, the dense arrangement of
atoms continuously pumped by the external light fields leads to the creation of a radiating collective dipole
moment, resulting in the generation of superradiation pulses. In this case, the cooperative transitions can
be conveniently described with states which are symmetric with respect to particle permutations. These
states are related to each other by the action of collective raising and lowering ladder operators and form
the so-called many-body ”Dicke ladder”. However, the study of real atomic systems implies that one
should account not only collective effects, but individual processes as well, e.g. the spontaneous decay of
atoms. These incoherent processes give rise to additional ladders (subladders) of subradiant states. The
entire set of states, including superradiant and all subradiant ones, is known as the Dicke basis.

The Dicke basis is a natural choice for description of collective effects in light-matter quantum systems.
In this work we examined a superradiant laser operating in an extreme bad cavity regime [2]. The model
represents an ensemble of N two-level atoms continuously pumped and probed by the external light fields.
The evolution of the system is governed by various collective and individual atomic processes. Since it
is extremely challenging to obtain a precise numerical solution of a master equation for such a system
in case of a large atomic ensemble [3, [4], we considered a small amount of atoms. Our goal was to seek
for general tendencies and laws of distribution of atomic populations between the Dicke basis states at
various initial conditions (see Fig. 1(a)) and predict how it changes with increasing number of atoms N.
Moreover, we performed a cumulant analysis to study the dynamics of pure correlations between atoms
of the ensemble and obtain the optimal conditions for maximum value of atom-atom correlations (see

Fig. 1(b)).
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Figure 1: (a) Sum of populations for different Dicke subladders with moment S = 2 (blue), S =1 (red),
S = 0 (green) and number of atoms N = 4. (b) The time evolution of atom-atom correlations versus
dimensionless single-atom pump rate.
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Abstract

The results of the dependence of the photoluminescence intensity of the color centers in diamond
under the influence of an external magnetic field are presented, photoluminescence spectra for differ-
ent temperatures are presented. The dependences of the change in photoluminescence intensity on
temperature and the presence of an external magnetic field for two color centers (NV~ and NoV°)
for samples with different concentrations of the studied centers have been established.

Currently, there is an active development of quantum technologies, including the development of new
types of sensors, detectors, etc. A promising material for these devices is a diamond containing various
color centers in it. The color centers in diamond are nitrogen atoms embedded in the lattice, associated
with vacancies present in the lattice.

For example, a well-studied NV~ center in a diamond is one substitutive nitrogen atom embedded
in the lattice during sample synthesis or as a result of ion implantation, associated with one vacancy
resulting from radiation treatment of a diamond sample (Fig. 1). Laser generation in diamond was
previously obtained on the basis of the NV~ center [Il [2]. In addition to the described color center,
other color centers are present in such diamond samples, for example, the Ny VO center (also known in
the literature as the H3 center).

Figure 1: Structures of a) NV~ and b) NoV? centers.
Carbon atoms are indicated in blue, nitrogen atoms in the replacement position are indicated in red,
two arrows in a white circle indicate two electrons localized in the vacancy

Based on the luminescence of the color centers, it is possible to create various detectors and sensors,
including a magnetometer. The basic principle of operation of a diamond quantum magnetometer is the
use of the Zeeman effect. Thus, the intensity of photoluminescence of the color centers decreases when
exposed to an external magnetic field. However, during the experiment, an effect not previously described
in the literature was discovered: when exposed to an external magnetic field on samples containing both
NV~ and N,VO centers, the photoluminescence intensity of the first center (NV~) decreased due to
triplet-singlet transitions, but at the same time, the photoluminescence intensity of the second center
(N2 V?) increased [3, 4] (Fig. 2).

92



/‘/\A\

Miass, Russia February 25 - March 2, 2024
7th International School on Quantum Technologies

25000 4

—no MF
— MF (~300 G)

20000

- 15000 +

U

10000 H

Irtensity, a

5000 S

T T T T T T T T T T T T T T 1
450 500 550 600 650 70O 750 800
Wavelength, nm

Figure 2: The photoluminescence spectrum of a sample with NV~ and N5 V? centers
under the influence of an external magnetic field (300 G)
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Abstract

Atom chip is a universal platform for quantum sensors. The use of localized atoms near the surface
of an atom chip makes it possible to create compact systems that can be used on board of portable
platforms. A new version of the atom chip with an additional wide U-shaped microwire allows to trap
3.5 times more cold Rb-87 atoms in a magneto-optical trap. On the way to realizing an atomic clock
on an atom chip, the Rabi spectrum and Ramsey spectrum of freely falling cold Rb-87 atoms were
obtained. A microwave spectrum of Rb-87 atoms localized in a magnetic trap near the atomic chip
represents spectral line with a width of 9.6 MHz limited by the temperature of the atomic ensemble.

Atom chip technology allows neutral atoms to be effectively cooled by trapping them in a magneto-
optical trap (MOT) and then in a magnetic trap near the surface of the chip. In this case, the magnetic
fields of the traps are created by the flow of current through the microwires of the atomic chip in the
presence of an external uniform magnetic field. The advantages of using such a device over using a
classical MOT are 1) achieving a large magnetic field gradient when a relatively small current flows
through microwires, 2) relatively easy and fast cooling of an atomic ensemble down to a Bose-Einstein
condensate (BEC), 3) energy efficiency and compactness [I].

These advantages make atom chip technology attractive in the field of quantum sensing [2] (for the
construction of gravimeters [3], accelerometers, gyroscopes), creating compact frequency standards [4]
and BEC research in microgravity conditions [5].

This paper is dedicated to the development and use of atom chip technology at the Institute of
Spectroscopy of the Russian Academy of Sciences (ISAN), where the first atom chip in Russia was
created [6]. The goal of the research is to implement a compact atomic clock and then a gravimeter
on an atom chip. Atomic clocks on an atom chip can be, on the one hand, more compact than atomic
fountains, and, on the other hand, more accurate than miniature atomic clocks using thermal ensembles
of atoms [7]. Thus, atomic clocks on an atom chip can occupy an intermediate niche of mobile and precise
frequency standards.

A new version of the atom chip, developed at ISAN, makes it possible to trap more rubidium-87 atoms
in the MOT by optimizing the magnetic field distribution near the chip surface. The main feature of the
new version of the atom chip is an additional wide U-shaped microwire, the central part of which measures
2.9 mm x 6.2 mm. The flow of current through a wide wire makes it possible to create a magnetic field
closer to quadrupole [§] than when using thin wires. This led to an increase in the effective volume of
the MOT on the chip and, consequently, in the number of trapped atoms. Using the new version of the
atom chip, it was possible to obtain a gain in the number of localized atoms by 3.5 times. A special
feature of our approach is the production of an atom chip using single-layer technology, which allows us
to maintain the relative compactness of the device and the consumption of small electrical currents.

On the way to realizing an atomic clock on an atom chip, we are using various microwave spectroscopy
approaches. Thus, the Rabi oscillations of the clock transition, the Rabi spectrum (linewidth 5 kHz, see
Fig. and the Ramsey spectrum (linewidth 1 kHz, see Fig. were obtained by interaction of freely
falling rubidium-87 atoms with microwave radiation at a frequency of 6.8 GHz.

A microwave spectrum of rubidium-87 atoms localized in a magnetic trap near the atomic chip was
also obtained (see Fig.|3). To obtain this spectrum, atoms localized in a magnetic trap were irradiated
with microwave radiation, and when the radiation frequency coincided with the resonance frequency, the
number of atoms in the magnetic trap decreased due to the transition of atoms to a magnetic sublevel
that was not localized in the trap. Thus, the spectrum represents a dip in the dependence of the number
of localized atoms on the frequency of the microwave field. The resulting spectral line width was 9.6 MHz
and was determined by the temperature of localized atoms. Further cooling of the ensemble of atoms
will lead to a narrower resonance line.
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Abstract

We demonstrate control and readout of a superconducting artificial atom based on a transmon
qubit using a compact lumped-element resonator. The resonator consists of a parallel-plate capacitor
(PPC) with a wire geometric inductor. The footprint of the resonators is about 200 pm by 200 pm,
which is similar to the standard transmon size and one or two orders of magnitude more compact
in the occupied area comparing to coplanar waveguide resonators. We observe coherent Rabi oscil-
lations and obtain time-domain properties of the transmon. The work opens a door to miniaturize
essential components of superconducting circuits and to further scaling up quantum systems with
superconducting transmons.

In this work, we experimentally develop cQED systems with compact resonators and demonstrate
coherent qubit control and dispersive readout. One of the approaches to realize compact resonators
with similar to qubit sizes is based on a planar lumped-element design [I]. Such parallel-plate capacitor
(PPC) resonators, differently from coplanar ones, do not have higher frequency modes and are based
on the standard oxidation process. In this work, we experimentally develop cQED systems with such
resonators and demonstrate coherent qubit control and dispersive readout. It consists of a common
feedline (shown in orange in Fig. for 20 units of compact resonators (shown in green in Fig.
and flux-tunable (via a superconducting interference device, SQUID) transmon qubit (shown in blue in
Fig. connected by a coupling capacitor (shown in red in Fig. . The chip with the structure is

shown in Fig. [1(a,b)

Transmon

LJJ _hl

Figure 1: Investigated system and their chip. (a) The chip image. (b): The resonator-transmon system.
(c): An equivalent electric scheme of the circuit in (b).

Then, we record transmission spectra of the resonators as a function of the external magnetic field. As

discussed above, the magnetic flux through a SQUID loop tunes the transmon frequency by modulating
E;. A conventional indication of a resonator-transmon coupling is the periodic appearance of the avoided
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crossing, see Fig. which marks the strong coupling regime. For better understanding of the
system energy structure vs. external magnetic field, we perform cross-Kerr two-tone spectroscopy where
the first tone is set to the resonator frequency f, = w,/(27), and the second tone (whose frequency is on
the y-axis) is aimed to excite the transitions between the eigenstates, see Fig. To identify the
obtained transitions, we fit the two-tone spectra by numerically solving the Hamiltonian of the resonator-
qubit system. The transitions we found are labeled in Fig. Then, we obtain coherent Rabi
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Figure 2: Left: Experimental spectra of (a) the readout resonator of the transmon 1 A (b)-(d) transmon
transitions as a function of the normalized magnetic field for the first resonator-transmon pair. (c)
Enlarged part of the (b), (d) qubit spectra with higher excitation power. Fit indicates different transitions,
marked with different styles and colors. Right: Experimental results of the readout of the transmon states
for the first qubit. (a) Rabi oscillations. (b) The energy relaxation curve. (c) The Ramsey dephasing
measurements. (d) The Hahn-Echo dephasing measurements.

oscillations to demonstrate the quantum state control, see Fig. The conventional pump-probe
technique is used to read out the transmons. We obtain the population of the first excited state of
a transmon as a function of the excitation pulse length. We extract the length of the m-pulse for the
transmon excitation to the first exited state. Then we measure the relaxation time 77 = 6.63 £ 0.53 us
(Fig. [2(b, right)]) by varying the delay between the m-pulse and the readout pulse. Ramsey dephasing

time T5, = 2.17 £ 0.12 us (Fig. [2(c, right)|) are obtained by varying the delay between two m/2-pulses
with following readout. The Hahn-Echo dephasing time Top = 2.92 + 0.37 us (Fig. 2(d, right)) was

obtained by varying the delay between m-pulse and two 7 /2-pulses with subsequent readout.
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Abstract

We perform the Raman and photoluminescence spectroscopy on individual and small bundles of
deposited single-walled carbon nanotubes, that further can be used for future applications in quantum
technologies as single-photon source.

Introduction

Single-walled carbon nanotubes (SWCNTSs) are promising low-dimensional material with many ap-
plications in quantum technologies. One of the applications that stems from the optical properties of
SWCNTs [T, [2] is using them as a basis for a single photon source. The main advantages of such emitters
are the possibility of obtaining single photons at room temperature, as well as the possibility of choosing
the wavelength of emission in the near infrared range by selecting the chirality of the nanotube, which
allows, for example, to tune the emitters to the wavelength of telecommunication networks 1550 nm [3].
Such sources are necessary for quantum computing on photons and also for quantum communication.

Here we investigate low-concentration nanotubes deposited on sapphire substrates using resonant
Raman spectroscopy and detect the photoluminescence response in the near-IR range.

Results

In this work, we investigate single-walled carbon nanotubes created by aerosol method [4] that were
deposited on sapphire substrate. The concentration of nanotubes was verified by AFM and is close to
the condition of single nanotubes. Sapphire was chosen as a substrate due to low background signal in
the near infrared region, which is important for the subsequent photoluminescence study. The absorption
spectrum was measured for the synthesized SWCNTSs, that allowed to estimate the requirements for the
resonant excitation. The measurements were performed with a tunable CW laser at a wavelength of 488
nm with a Mitutoyo x100 NIR objective and a spot size of about 1 um. The MadCityLabs Nano T-225
nanostage was used for mapping and the signal was collected with a Horiba spectrometer. As a result, a
map of G-band Raman peak signal of a sample that contained several nanotubes with a length of about 2-3
pm was obtained |1} Further the photoluminescence mapping of functionalized nanotubes was performed.
Functionalization of SWCNTs with aryl groups allows the creation of localized sp? defects on the surface
of the nanotube and increases the quantum efficiency of the photoluminescence, which is necessary for
the subsequent creation of a single-photon source [5]. Mapping of a single functionalized nanotube allows
to determine the position of the defect and finally to integrate them into resonant nanostructures that
provide further increase of the photoluminescence efficiency.

Conclusion

In this work we have performed the mapping of a low-concentration nanotube sample using Raman
spectroscopy. Further we perform the photoluminescence mapping of low-concentration functionalized
nanotubes. Unambiguous detection, characterization and further measurement of optical properties allow
to reveal the possibility of implementation of individual SWCNTs as a single-photon source.
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Figure 1: Raman signal map of low-concentrated SWCNTs (a), AFM image of SWCNT on sapphire (b),
Raman signal of SWCNT and background (c).
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Abstract
The possibility of controlling the states of a two-terminal superconducting interferometer using
Landau-Zener transitions has been studied. The possibility of implementing high-precision quantum

operations in such a system when controlling single flux quantum pulses is demonstrated. The optimal
range of inductive parameters of the system and the input signal is found.

Superconducting artificial quantum systems are currently widely used to create prototypes of quantum
processors [I] and hybrid quantum-classical neuromorphic systems [2]. In this paper we propose to use a
two-terminal superconductor interferometer (see the scheme on fig. )as an auxiliary qubit whose states
are controlled by Landau-Zinner transitions by the single flux quantum (SFQ) pulses. It should be noted
that this element can also operate in both classical and quantum neuromorphic modes [3].

|
JJ, {‘
Output L 5 é )

Input

L 5 D2
o)
Figure 1: Fig.1 Scheme of a two-terminal superconductor interferometer.

The Hamiltonian of a system is given by the expression:

(0 — ¢on)? n (¥ — ¢in)?
2(2us + 1) 2

=3

(p%—&-p%p)—i—EJ( ) + E;(1—cosV¥cosO), (1)
where Fo and Fj are the charge and Josephson energies, respectively; W, © are half-sum and half-
difference of phase difference on the Josephson contacts. The coefficients [ and [,,; are dimensionless
inductances determined experimentally and ¢, is a external shifting flux (see more details in [3]). Dy-
namic control of the system states is carried out by SFQ pulses:

1 1
Din(t) = A (1 + e—2D(t—t1) * 1+ 62D(tt2)) ’ ®

where the parameters A and D tune the level and the rise/fall rate of the input magnetic flux respectively.
By changing the parameters of the system and the parameters of the incoming flux, we have found the
configuration of the system that involves the anti-crossing of the ground and first excited levels (fig. )
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During the time of action of the external flux the transition of the system from the ground state to
the excited state (NOT operation) is possible (fig. [2p-b). Fidelity of the operation shown in fig. 2p-b is
99.99%. At the same time, the system parameters are chosen so that the leakage to the overlying levels
is minimal. It is significant that an estimated duration of the NOT operation is 20-60 ns.
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Figure 2: Population of the ground and first excited levels (a,b) under the influence of an external
magnetic field; (c¢) the spectrum of the system as a function ¢;,. Parameter of the system are: A =
T, lowt = 5,1 =2.65, E;/2Ec =1, D = 0.008, t; = 500, t2 = 1500, ¢4 = 7/10.

The optimal region of parameters [ and D was found to achieve the maximum first excited level
population fig. [3| Tt is significant that the exact selection of inductance in the system (which is difficult
to change in real systems) is not required - it is possible to achieve high accuracy by tuning the external
flux.
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Figure 3: Population parameter map of the first excited level after passing the input flux . Parameter
of the system are: A=, loys =5, Ej/2Ec =1, ¢pgp, = 7/10.

Thus, the paper demonstrates the possibility of implementing quantum operations in a superconduct-
ing interferometer based on SFQ control by implementing Landau-Ziner transitions.
This work was financially supported by the Russian Science Foundation 22-72-10075.
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Abstract

The paper studies the functioning of the simplest artificial neural network (ANN) based on su-
perconducting adiabatic neurons. Analytical expressions for the scheme with two input neurons and
one output neuron are obtained. Based on the connection of three neurons, an ANN functioning in
accordance with XOR logic is designed.

Currently, the basic elements of neural networks (both the simplest perceptron and radial basis func-
tion networks, RBF networks) have been proposed, investigated and designed based on the concepts
of the most energy-efficient adiabatic superconducting logic. We have demonstrated a superconductor
neuron with a sigmoidal output function capable of operating in classical and quantum modes [I}, 2]. In
the current work, we consider the coupling of three neurons representing the simplest ANN.

The original connection scheme of the three neurons is shown in Figure b). As an input signal,

a) Input 1 C)
w,

Input 1
A\M\ P

0 Output
Ana Input 2

o Time, t/t;
Input2[> w,
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Figure 1: a) Schematic representation of the 3-neuron XOR network and b) its superconducting realisation
(different colors corresponds to the different parts of the scheme). In the a) figure part typical inputs

(smoothed trapezoids) with magnitudes A;,; and A;,2 are demonstrated. ¢)The table for XOR and OR
operations.

each neuron of the input layer is fed with a magnetic flux, the shape of which was set as a smoothed
trapezoid:

1 1
Pin(t) = Ain {1 Fexp(—2D(— 1)) 1+ exp(2D{i — 1)) } = Ain: (1)
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The parameters A;, and D tune the level and the rise/fall rate of the input magnetic flux respectively.
In the following, all magnetic fluxes are normalised by the magnetic flux quantum: e.g. @;, = 2P /P,
®y = h/(2¢). Writing down Kirchhoff’s equations and relations for magnetic fluxes in the corresponding
circuits, we can describe the system in Fig. b) by the following system of equations:

11 + 91 + fout = 0,

z1 + Eal + Zout =0,

o1 — G i1l = douttlouts — Milin,
@1 — 22 4+ i1l = ioutloutt — Miiin,
$1 — Lp;n, + le == ialla + Saé.na

@1 - 955” +Ell_: {all_a + @57,,7

lin — 51 — Gs2 = 0,

Gin — is1 — G52 = 0,
Lt +1p) + maier = isa(la + 1) = micr,
lax + 1) + Moier = isa(lsa + 1p) — Mbicr,
sl +1 ) + mZicr = _iin(lin + lp) + mlioutl,
is1(ls1 + lp) + Maicr = —iin(lin + 1p) + Miiout1,
(L + Lz 4+ Lo + Lo + Uiz + La)ier = (—is1ma — G517 + tamg + mbis + Miisa — M3ia2),
12 + g2 + fout2 = 0,
P2 — M3icr + 92l = foutalous2,

Y2 — mSicr + Z2l = ia2la + m;,icw

Zsl
'le

Zsl

/\/\/\/\

= %

where @1 2,1 is the phase difference at the Josephson contacts of the neurons, mj,m; and mj,m; are
the mutual induction coefficients of the corresponding transformers (j = 1..3). All currents in are
normalized to the critical current of the output neuron I¢,.

The solution of the optimisation problem for this system of equations allows to configure the neural
network to operate both as an XOR logic element and as an OR logic (see Figure [I[c)) element, which is
quite expectable. An obvious choice for such a neural network configuration will be the choice of weight
coefficient values: for XOR they should be antisymmetric, and for OR — on the contrary, symmetric. In
case of deviation from this principle, the output of the network produces a result that does not coincide
with the truth table for the given elements. By tuning the coupling parameters of the three neurons, we
managed to achieve full functioning of the circuit according to XOR logic in the classical regime. The
input of each neuron receives signals of different levels in the form of smoothed trapezoids corresponding
to logical 0 and 1 (see Figure a)). The case when there is no signal at the input of both input neurons
is not demonstrated — in case of absence of signals on both inputs of the circuit there is no signal on the
output as well (“0” + “0” = “0”). One point concerning the OR logic element is worth mentioning. The
point is that in the case of a classical OR gate, if two ”1” are applied to the input, the output will also
generate a 71”7 with the same signal level as the input (peculiarities of digital circuits). In our case it is
not true: when two ”1” are applied to the input, the output generates a signal whose level exceeds the
same for the cases (“174 “0” or “0”+ “1”) by two times.

In previous works we have performed numerical analysis and showed that adiabatic neurons can
operate also in the quantum mode [2]. In the next step we will numerically analyze the XOR scheme in
the case of quantum mode.
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Abstract

In this work we demonstrated superconducting microstrip single photon detector (SMSPD) with
the width of active area of 1, 3 and 5 um, that have saturating internal quantum efficiency up to
1700 nm and have system timing jitter as low as 14 ps at 0.8 K. Obtained results will find usage in
single photon lidars, high-speed quantum communication, and lifetime measurement of single-photon
sources.

Superconducting nanowire single photon detectors developed in 2001 [I], now demonstrates outstand-
ing performance in different fields including lidars, quantum communications, quantum computing and
others [2, [3, 4]. Main reasons for this are high system quantum efficiencies, low system jitter values and
high count rate of SNSPD [5]. Despite all the advantages of SNSPD, it has one main drawback — when
increasing the detector area, it is not possible to maintain high timing resolution of the detector due
to sufficiently large values of the kinetic inductance of the detector. One of the possible solutions to
this problem is the fabrication of superconducting single-photon detectors from micrometer-scale strips -
superconducting microstripe single photon detectors (SMSPD). However, unfortunately, these detectors
show low time resolution, due to the high values of the internal jitter of the detector, far from saturation of
the internal quantum efficiency of the detector [6]. Our recently demonstrated work have shown SMSPD,
with 100% internal quantum efficiency in the infrared wavelength range [7]. In this work, thin films of
niobium nitride (NbN) obtained in previous work were used to develop SMSPD with ultrahigh time res-
olution. We fabricated superconducting bridges with widths of 1, 3, 5 um. Scanning electron microscope
images of fabricated superconducting microstipe bridges, with width of 1 um, shown on Fig. [I|Left, Fig.
Right, shows devices layout with every layer of the structure. Setup for jitter and internal detection
efficiency measurement shown of Fig.[2] it consists of SMSPD integrated in sorption cooler, with base
temperature 2.2K or 0.8K, depending on cryogenic key position, femtosecond laser and TCSPC module,
used as correlator. Internal detection measurements results shown on Fig.|3| Left where a), b) and c) are
1, 3 and 5 pm, respectively. Jitter measurments results are shown of Fig Right where a), b) and ¢)
are 1, 3 and 5 pm, respectively.

ﬂ‘ﬁ
b)

Niobium nitride

Silicon nitride
[ Gold mirror
Sapphire substrate

Figure 1: Left Scanning electron microscope of fabricated SMSPD bridge, with width of 1 um, Right
Device layers layout of fabricated SMSPD bridges.
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Figure 2: Schematic representation of experimental setup used for jitter and internal quantum efficiency
measurement.
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Figure 3: Left Internal detection efficiency measurements results Right System jitter measurements
results, inserted values Jy,in, shows minimal obtained jitter. a), b) and c) represents 1, 3 and 5 pm
superconducting bridges, respectively.
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Abstract

In this work we have successfully programmed a 4 x 4 reconfigurable photonic processor, consisting
of two 4 x 4 directional couplers and a three tunable phase shifters. The programming procedure was
performed by utilizing global approximation of the chips’ calibration data. To verify the quality of
programming of our optical processor we measured 100 unitary transformations on chip and compared
them with prediction by the obtained from programming interferometer model - the average fidelity
between unitary matrices was 98.5 %. We have also demonstrated optical port-to-port switching on
our processor in a broadband wavelength region from 915 to 975 nm with no optimization on chip.
This research opens up possibilities for further efficient programming of photonic processors.

Programmable integrated optical circuits believed to be a promising platform for scalable quantum
computation in future [I]. One of the technologies for manufacturing such integrated optical circuits is
femtosecond laser writing of waveguiding structures in optically transparent samples, which is a simple,
fast and not expensive technology for prototyping low and medium scale integrated photonic devices,
which can be usefully exploited [2].

In this work we have fabricated reconfigurable 4 x 4 integrated optical chip in fused silica glass
by femtosecond laser writing. The structure of our photonic processor is demonstrated in Fig and
consisted of two 4 x 4 directional couplers and three tunable phase shifters. Thermo-optical phase-shifters
were used for the reconfiguration of the processor.
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Figure 1: (A) Schematic image of the experimental setup, which is consisted of tunable CW laser, pro-
grammable multiport interferometer and 4 photodetectors. (B) An example of the measured calibration
data from all four output ports for the fourth input port, the third heater was calibrated.

Under programming of the reconfigurable optical chip we mean the total construction of its’ digital
model, which can be used for prediction of the chips’ unitary transformation with given phase shifts set on
the phase layer of the chip. The programming procedure was performed by utilizing global approximation
of the chips’ calibration data, example of which is shown in Fig. [Tp.

For testing the obtained chip model, a 100 sets of random currents were applied to chips’ heaters,
producing 100 different optical chips’ transformations, which can be either predicted by the model and
directly measured on chip. The measured unitary matrices were compared with ones predicted by the
model, yielding the average fidelity of 98.5 % (see Fig. )
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As another test of the quality of our programming of the chip, a port-to-port optical switching on the
chip for different wavelengths was demonstrated. Necessary phase shifts were obtained by running an
optimization procedure on a standard PC. Obtained phase shifts were then applied on the chips’ heaters
and output power distribution was registered. An example of experimentally measured and predicted
switches is shown in Fig. 2p. It can also be seen from the Fig. that the average switching fidelities
for the experiment and prediction are in good agreement.
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Figure 2: (A) Fidelity distribution between 100 unitaries directly measured on chip and predicted by the
chips’” model. The average fidelity value is 98.5 %. (B) An example of port-to-port optical switching
from third input port of the chip for three wavelength. (C) The dependence of the average fidelity on
the wavelength for the output power distributions predicted by the model and experimentally obtained.
The average fidelity for each input channel is higher 90 %.

Both demonstrated results confirm the validity of the model and demonstrate the successful pro-
gramming of the optical chip with complex interferometric structure. In future we plan to show on our
chip the implementation of the Haar random unitaries, and the potential applicability for an information
processing task solving.
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Abstract

We present an algorithm that finds optimal and collision-free pathways for relocating atoms with
an optical tweezer from initial sites to user-defined destination traps. We also demonstrate high
probabilities of loading target traps experimentally.

Arrays of atoms are a useful resource for quantum information. However, deterministic loading of
trap arrays is practically difficult; only randomly loaded arrays with filling fraction of 50% are attainable.
We select a subset of traps to be utilized for further quantum computation, and we fill them with atoms
by transporting those from other traps. Since the lifetime of atoms and the tweezer speed are both finite,
a crucial optimization problem arises: atom transfer must be accomplished in the shortest time possible.
Furthermore, in order to avoid atom collisions and interference between optical trap fields, the tweezer
is not permitted to trespass the vicinity of stationary atoms.

We developed an algorithm to solve the above problem. It contains two phases and is based on graph
theory and combinatorial optimization techniques. The algorithm begins by using the Hungarian method
[1] to assign available atoms to empty traps in the desired region. At this stage modified Euclidean met-
ric is used to avoid trespassing paths, which are optimal in terms of distance. The following phase finds
a collision-free ordering of the previously computed list of movements. This is achieved by organizing
movements into a dependency graph and applying topological sorting algorithm [2] B]. If the latter is
impossible, partial reassignment of source and target sites is performed.

Our experimental cycle begins with a CCD camera shot to determine trap occupancy, followed by
a pushout removal of atoms from all the target traps. We then compute a routing plan, and use an
optical tweezer to transport atoms to target traps. After that, another CCD image is taken, and the
next attempt to accomplish atom array assembly is made. The number of filled traps is evaluated after
each experimental cycle. The data obtained after repeating this cycle 5000 times is shown in Figure
The target region is located exactly in the center of the trap array shown in this picture. Traps in this
location have a greater than 80% chance of getting filled when applying the above procedure.

References

[1] Woojun Lee, Hyosub Kim, and Jaewook Ahn, Defect-free atomic array formation using Hungarian matching
algorithm. Phys. Rev. A 95, 053424 (2017).

[2] A. B. Kahn, Topological sorting of large networks. Commun. ACM, 5, 11 (1962).

[3] Remy El Sabeh, Jessica Bohm, Zhigian Ding, Stephanie Maaz, Naomi Nishimura, Izzat El Hajj, Amer
Mouawad, and Alexandre Cooper, Efficient algorithms to solve atom reconfiguration problems. II. Assignment-
rerouting-ordering algorithm. Phys. Rev. A 108, 023108 (2023).

109



/‘/\A\

Miass, Russia February 25 - March 2, 2024

7th International School on Quantum Technologies

Filling fraction of traps before and after assembly procedure
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Figure 1: Filling probability of each trap without assembly (left) and after several attempts of assembly
(right). Squares represent traps. The darker the color of a related square, the greater the likelihood of a
trap to be filled.
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Abstract

The work is devoted to development, assembly and optical study of two-dimensional twisted Moire
structure made of tungsten diselenide homobilayers for quantum simulation of strong correlated states
of matter.

Introduction

Twisted van der Waals heterostructures are of great interest because of their many remarkable prop-
erties and potential for creating new states of matter in the laboratory. These systems can serve as
an efficient platform for quantum simulations in strongly correlated physics and topology in quantum
materials. These materials have several properties that make them versatile tools. First, their properties
can be tuned using available external parameters such as gating, strain, carrier density, and twist angle.
Second, they allow the realization and control of many fundamental multiparticle quantum models from
the field of condensed state physics. Third, experimental reading protocols are available that display their
complex phase diagrams under both equilibrium and non-equilibrium conditions. These heterostructures
allow the creation and functionalization of new forms of matter, broaden the scope for the study of
physics, and open up prospects for future applications in technology. Together with that, they might be
applied to the commercial purposes in pharmacological and optimization tasks.

Our general work is devoted to the realization of several phases of matter on a two-dimensional
twisted structure. Here we investigated photoluminiscence response of the created structure. We used
two rotated TMDC monolayers to create a Moire potential [I], while the choice of such a material was
due to a prominent optical response [2].

Results

In this work we assembled Moire structure device with top and bottom electric voltage gates for
independent variation both carriers filling factor and electric field penetrating twisted structure using
dry transfer and tear-and-stack techniques. This structure configuration allowed us to study exciton
behaviour in different displacement fields and carrier filing factors. The twisted structure was made of
two tungsten diselenide monolayers rotated by two degrees relative to each other. The gold contacts are
created on graphite that each acts as gate and contacted to the twisted structure using lithography. The
area lateral size for optical interrogation is around 7 um x 5 um as marked on Fig.[I}

Photoluminescence measurements were carried out at temparature (8 K) using HeNe laser source
with wavelenghth 633 nm. Experimental observation revealed peculiar exciton behaviour with changing
electrical gates voltages. Below 1.6 eV we observed interlayer exciton splitting and linear Stark shift due
to electrical field in bilayer as in the previous work [3] Fig. The slope of the curve allows to calculate
the distance between a hole and an electron in an interlayer exciton. It is about 35 nm that is smaller
than interlayer separation (60 nm). Probably these observations are related to superposition interaction
of interlayer excitons: exchange attraction and dipole repulsion due to layer degeneracy of homobilayer
structure [4]. We also detected the drastic jump in interlayer exciton PL with increasing filling factor
from zero to one carrier at one Moire lattice site. We speculate that it might be due interlayer excitons
strong dipole interaction. This problem requires detailed theoretical and experimental study.
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Figure 1: Completed device for exciton behaviour studying.
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Figure 2: The photoluminescence (PL) map of the sample. The PL response depending on the applied
voltage at the top gate at a constant voltage of 0.5 V at the bottom gate. The step of voltage is 1 V.
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Above 1.6 eV we detected intralayer excitons whose behavior depend on carriers concentration, but
not on electrical displacement field. These excitons are concentrated in one layer and do not experience
an electrical field gradient. Variation of concentration brings to the creation of charged excitons, dark
excitons, biexcitons and etc. [5].

Conclusion

In this work, we revealed and characterized intralayer and interlayer excitons of a twisted structure.
The former are caused by the Moire potential. We have observed the hybrid physics of the interactions
of interlayer excitons. Our next step is to study the dipole interaction of interlayer excitons depending
on the degree of polarization of carriers in different layers, which might allow to access Bose-Hubbard
physics. We are also planning simultaneous to optical transport measurements in order to register an
increase in peak resistivity at a filling factor of one carrier per Moire lattice site [6], that will result in
Mott insulator transition in Hubbard physics.
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Abstract

A promising alternative to the popular transmon qubit for implementing a scalable quantum
processor is the fluxonium qubit. However, the presence of a control line limits the lifetime of the
qubit due to the connection with the external environment, which can be expressed as a set of
oscillators associated with the qubit at the transition frequency. A study of the relaxation of a qubit
into a magnetic flux control line, depending on its geometry, has been carried out. The topology
of the circuit was selected, in which the relaxation times of the qubit, limited by the stream line,
were on the order of 1 millisecond. The influence of the distribution of the electromagnetic field for
a given geometry was also studied and the dielectric losses at the interfaces were estimated, on the
basis of which the design was changed and compared with the losses on the previous sample. Based
on the work done, the qubit-fluxonium circuit was optimized, which showed lifetimes of over 200
microseconds during the experiment

Fluxonium

Superconducting fluxonium qubits is a Josephson contact shunted by a large inductance, such that
the inductive energy is E;, < E; and is described by the following Hamiltonian [I] Equation :

P, FE
HFluxonium = 4ECN2 + EJ <1 — COS (¢ — @)) -+ 7L¢2
0

(1)

B — (1)02 o 62 o Iq)o
L= emz "¢ 20 7 or
where ¢— is the phase, N-is the operator of the number of electron pairs, ®., — — external magnetic flux

through the loop, Er— is the inductive energy, E.— is the charging energy, F;— is the Josephson energy.

The fluxonium qubit adjusts in frequency by changing the external magnetic flux in the circuit, and
in the depth the magnetic flux quantum has a double-well potential with a tunnel connection between
the wells, which leads to splitting of the levels. The transition energy between lower levels is determined
by the probability of tunneling between two potential wells. Distinctive characteristics of fluxonium are
low transition frequency in half a magnetic flux quantum, high coherence times and large anharmonicity.
The equivalent electrical circuit of a fluxonium qubit is shown in the Figure .
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Figure 1: Electrical circuit of a fluxonium qubit.
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Figure 2: Fluxonium qubit topology.

Dielectric loss

One of the main loss channels of a superconducting qubit is dielectric losses, which refers to the
relaxation of the qubit due to the transfer of energy to defects in the material. Electromagnetic energy
distributed throughout the chip interacts with defects on the surface of the dielectric material. These
defects are usually described as two-level systems (TLS) [2]. TLS can be low-energy (fluctuators) and
high-energy, that is, comparable to the transition energy of a qubit. Low-frequency TLS can interact
with high-frequency ones associated with the qubit, and as a result cause fluctuations in the frequency of
the qubit, that is, cause its dephasing. High-frequency TLS, due to tunneling between its own low levels,
leads to relaxation of the qubit, that is, to energy losses. The mechanism of dielectric losses consists
in the interaction of the dipole moment of the TLS with electric fields on the surface of the dielectric,
and the frequency of the qubit directly determines the relaxation constant. Since the thickness of the
dielectric layer is small, the total loss coefficient in the dielectric can be described by Equation .

2 2 2
v =we (/ E2d31+/E2d52+/E2d53) (2)

where S1, S5, 53 is interface areas.

We consider only three types of surfaces:interface between aluminum on the substrate and between alu-
minum and air (direct deposition, optical lithography); interface between aluminum and silicon Josephson
junction and between this aluminum and air (shadow deposition, electron lithography); interface between
air and substrate (Figure [3] (b).
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Figure 3: Calculation of dielectric losses. (a)Distribution of the electrostatic field across the chip. (b)
Schematic representation of the interfaces.

The contribution of various surfaces to the distribution of electric fields was calculated using the
Ansys Maxwell program (Figure 3| (a)). The integrals of the electric field energy over the lower surfaces
of the regions were calculated, as well as the total energy of the electric field corresponding to a given
voltage, after which the ratio of the surface integral to the total electric field energy was calculated. The
resulting ratio has the dimension of the inverse length. In order to obtain the calculated loss value, these
participation shares should be multiplied by the effective thickness of the interfaces and the tangents of
the dielectric loss angles in them.
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Control magnetic flux line

An individual magnetic flux bias line makes it possible to control the frequency of each qubit, which
is necessary for system scalability. However, due to the connection with the environment, the line is a
source of loss and causes the qubit to relax. The control line is inductively connected to the qubit. The
lifetime of qubits due to losses in the flux control line can be estimated according to Fermi’s golden rule,
in which losses are caused by flux noise due to the mutual inductance of the qubit and the flux line [3]

Equation :

mRo M?
1—‘21907170&? (0]@q| 1) (3)
where @g-is the matrix element of fluxonium mode, and M = Lpc

For the parameters of the fluxonium qubit, characteristic times are on the order of 1 ms. Another
way to think about these losses is to use a model in which the qubit is connected via a flux line to a
50 ohm resistor (the characteristic impedance of electronic devices). In this case, the flow line will be a
thermal reservoir characterized by an infinite set of modes. The most important modes are the modes at
the qubit frequencies, since it is with them that the resonant interaction occurs.

Using the universal finite element analysis software Ansys HFSS in the eigenmode analysis mode, a
study was carried out of the relaxation of a qubit into a flow control line depending on its geometry,
namely the length and width of the region near the connection of the flow line with the qubit. The
double-well potential was set using the negative inductance of the element (this is how the issue with
the nonlinear inductance of the Josephson junction was resolved). The quality factors of the mode with
frequent transition of the qubit were obtained depending on changes in parameters of length and width
of the region. The optimal geometry with mode lifetimes exceeding 1 ms was selected Equation .

__Q
o 27T190_1 (4)

Ty

where @ is the quality factor.
Figure shows a comparison of experimental data on qubit relaxation for the new optimized (a)
and old topologies (b).
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Figure 4: Relaxation time of the new topology (a) and the old topology (b).
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Abstract

Molmer-Sorensen gate is used to entangle ions in Paul’s trap. To realize the MS-gate, high-
order Lamb-Dicke terms are neglected in the Hamiltonian. However, the error occurs due to this
assumption. In order to estimate it we at first considered the simplest model involving two ions
and one oscillation mode and then expanded the approach to the general case of N ions and 2N
modes. The perturbation theory (Dyson series) was applied and the second order corrections have
been calculated and compared with the numerical simulation.

Quantum computing is a rapidly advancing field that has the potential to revolutionize the way of infor-
mation processing and provides the ability to solve problems that are currently intractable for classical
computers. Ion chains are a good candidate for quantum computing due to their long coherence times,
high entangling gate fidelities, and all-to-all qubit connectivity. The ions are trapped and manipulated
using electromagnetic fields, allowing to control their internal states and perform entangling gates. One
of the proposed schemes which decouples internal states of ions from motional ones is the MS gate. It
is realized by radiating the bichromatic laser field with frequencies w + p on two ions, where hw is the
energy splitting of the qubit states. We consider the case of counter-propagating beams. The resulting
Hamiltonian in the interaction picture becomes[I]:

FI = ZQ sin ,Ut+¢z +k1ara) (1)
kiafo == Y Nim (@me™ ! + af ™) ©)

where a,, (al,) annihilation (creation) operators of m-th motional mode, w,, is its frequency and oy, =

ozcos (0;) + oysin (6;). Hence, the Hamiltonian becomes:

ZQ ) sin (gt + i = N (@me ™" + af, ")) oy, (3)

By considering the Lamb-Dicke regime: 1, < 1 one can expand the sine function to obtain:

H= Z Q; (t)(sin ut + i) — Nim (dme_i‘“’"t + &Inei‘“mt) cos(ut + @[Jl)) o (4)
Therefore, the evolution operator:

~ P I .

U = " i< Xi3%6,%, HD (Z aéiaim> (5)
t o
Qi (1) = / Nim$ (t') cos (ut" + ;) e “mt dt! (6)
Xij (t) = —QIm/ / ') i, (¢") dt” dt’ (7)
to Jto

However, the error occurs due to this expansion. At first, we considered the simplest model involving

two ions and one motional mode. We computed the second order perturbation theory and compared it
with the numerical simulation, see Fig.[[l Next, we considered the general model involving N ions and
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Figure 1: Simplest model

2N motional modes. We computed the infidelity by using the perturbation theory:

_ 1 i 2 1 i 2 L i+s; 2
1-F = N(N = 1251 ST D fimm, | +W;|¥(—1)5 Fimm| +WZ| > (=1 B

smmy i sm imijk

t (8)
fimml = / 77im77im1Qi (t)sin(,ut + Q/Ji)ei(merwml)tdtUéi (9)
to
t . . . . .
Pimm, jk = / ()i i, ST (1t + i) e’ (agpe™" 't + et mt)dtoy oy (10)
to

We plotted the resulting infidelity, see Fig.[2]
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Figure 2: General model
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Abstract

In the present work we investigate the properties of single-photon wave packets with orbital
angular momentum generated in the process of spontaneous parametric down-conversion, consider
the implementation of a quantum tomography protocol and implement a quantum hashing protocol
based on multidimensional single-photon states of light.

Introduction

Encoding of information based on multidimensional single-photon states (qubits) has a greater infor-
mation capacity, which increases the transmission range or increases the speed of distribution of the secret
key by a number of times proportional to the dimension of the qubit [I], [2], [3]. The generation of high-
dimensional quantum states is one of the important tasks in quantum optics. One of the most promising
ways to solve it is to use the spatial degrees of freedom of the photon, for example, the orbital angular
momentum of light. Under conditions of spontaneous parametric down-conversion, it is convenient to
obtain multidimensional spatial single-photon states of light [4]. Thanks to this, we can apply spatial
modes to transmit information over long distances through free space where it is impossible to implement
fiber-optic communication, namely, for long-range quantum communication and communication with a
satellite [5].

Quantum hashing functions

To be used, cryptographic hashing functions must have two main properties: unidirectionality and
collision resistance. We have to fulfill the following conditions:

S

Pextraction = ;7 < 17 (1)
where n is the size of the hashed classical message in a 2-dimensional Hilbert space built on the states
of s qudits, d is the dimension of the qudit state space, otherwise we will not be able to extract the
full amount of information from the received message. As for the condition of resistance to collisions,
we cannot formulate it in the same way as for classical states, because we can reliably distinguish only
orthogonal states. Therefore, it has been proposed that the measure of collision resistance is the degree
of orthogonality of two quantum hashes (quantum states obtained as a result of hashing):

1
Pcollision = max |<\II (xl) | v ($2)>|2 = max d27m (2)

T1,T2,T1F£T2 T1,T2,T17T2

2msjo(xy —=3) 2msj o(w] —@g)

m
[Mi+e " + o +e "0 |,
j=1
To do this, we took the worst case for two pairs of input messages x1 and x5: consider the simple case
when 21 = 0, x5 is the maximum scalar product of two quantum states (hash sums). This procedure was

performed for cubes and cutrites, depending on the number of quantum information carriers used in the
hashing process (Table [1))
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Table 1: The values of z; for the worst case, calculated for different dimensions d and a different number
of quantum states m, used in the procedure of quantum hashing of 8 bits of classical information.

m d=2 d=3

1 1 97
2 9 69
3 24 93
4 114 95
5} 97 123
6 76 —
7 69 —
104 Feos -m- d=2(th)
\ “""E\ -e- d=3(th)
\ \-\ $ d=2(exp)
L 08 \\‘ "\\ & d=3(exp)
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Figure 1: The probability of observing a collision as a function of the number of qudits for different
dimensions of the quantum state of qudits

Conclusion

The obtained results demonstrate that the use of high-dimensional states makes it possible to speed up
the operation of the quantum hashing protocol by reducing the number of quantum information carriers
necessary to achieve optimal hashing parameters.
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Abstract

We present a novel setup for cooling thulium atoms based on a two-dimensional magnito-optical
trap. This setup is expected to be capable of producing atomic fluxes of more than 10® atoms per
second at relatively low oven temperatures around 800 K. Such a source can be used not only as a
convenient and more efficient replacement for current setups based on Zeeman slower, but will also
make it possible to proceed to fundamentally new experiments where a continuous flux of cold atoms
is required.

Ensembles of neutral atoms are widely used for experiments in quantum computing [I], quantum
simulations [2] and quantum sensing [3]. Laser cooling is the first step in these experiments. There
is a lot of effort being put into developing new laser cooling schemes. One promising direction is the
application of a two-dimensional magneto-optical trap (2D MOT) for creating a continuous flux of cold
atoms. The advantages of this source include:

1. Compactness in comparison with the classical Zeeman slower. This is essential for transportable
systems (e.g., optical clocks)

2. Absence of hot atoms flow from the atomic oven into the main (”science”) vacuum chamber, which
allows to reach ultrahigh vacuum, which is necessary for experiments with degenerate quantum
gases, as well as for quantum computing.

3. The possibility of operation of secondary MOT with deep laser cooling in continuous mode, which
is necessary for realization of optical clocks with continuous interrogation of the clock transition
[ 5] and experiments with continuous BEC [0]

Earlier we have demonstrated the advantages of thulium atoms for creating a transportable frequency
standard [7], namely: low sensitivity to black-body radiation [8], convenient magic wavelength for optical
lattice formation [9], and the synthetic frequency technique allowing to eliminate the Zeeman effect of
the second order [10]. Thulium is also a promising platform for quantum simulators [I1].

Here we discuss the design of a source of cold thulium atoms based on a two-dimensional magneto-
optical trap on a broad transition at a wavelength 410 nm alongside numerical simulation results of its
performance [12]. Similarly to three-dimensional case, we use three pairs of counter-propagating laser
beams. The only difference is the hole in the mirror along one axis through which atoms are accelerated
to the next vacuum chamber. In this chamber the remaining stages of the experiment can be carried out,
vacuum level will not be degraded by the abundance of hot atoms, and the continuous resonant emission
of the two-dimensional trap can be spatially separated from the spectroscopic region.

The simulation showed that, in the optimal configuration, with a total radiation power of 50 mW and
an atomic oven temperature of 800 K, the source can provide a flux of 4- 108 cold atoms per second, and
when the temperature of the oven is increased, it can reach values of the order of 10'! atoms per second.
The cold atomic beam has narrow longitudinal velocity distribution with center at v = 8 m/s and FWHM
of 1m/s. The angular spread of the atomic beam is less than ¢ = 50mrad. Such beam characteristics
should allow direct capturing of almost all atoms in the MOT on the narrow transition at 530 nm.
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