
Abstract. Ultracold ions are among the most thriving physical
platforms in the field of quantum computing: the long coherence
time and the high gate fidelity lead in quantum volume (221) over
other systems, including the superconducting platform (whose
maximum demonstrated quantum volume is 29). Ion quantum
computers have allowed implementing the deepest benchmark-
ing algorithms to date and successfully demonstrating error
correction codes, which opens up the prospect of moving from
the current era of noisy quantum processors (NISQ) to the next
era. In Russia, the field of ion quantum computers began to
actively develop with the ``Quantum Computing'' Roadmap
launched in 2020. In this review, we present the basic principles
of operation of an ion quantum computer and discuss recent
achievements in this area worldwide, along with the main results
of our group obtained in implementing the Roadmap.

Keywords: quantum computing, ions, Paul traps, qudits,
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1. Introduction

Quantum computing is based on the possibility of coherent
control of the state of a two-level quantum system (single-
qubit operations) and the possibility of entangling two
physical quantum systems (two-qubit operations). Natu-
rally, ensuring high-quality computations requires the iden-
tity of quantum objects and the highest possible fidelity of
operations on them, i.e., controlled transformation of the
initial quantum state to the desired one, jc0i ! jci. Single
atoms and ions are natural quantum objects, which ensures
their complete identity in the absence of external perturba-
tions. Quantum information can be recorded in the states of
electron levels, and the states can be controlled by well-
developed laser or radio-frequency spectroscopy methods.
Methods for addressing single atoms and ions, unavailable
before the advent of laser cooling and ultrastable lasers, are
now well developed and are not a critical limitation on the
task of creating a quantum computer. This was noted in the
Nobel Prize in Physics awarded to S. Haroche and
D. Wineland (2012) for innovative experimental methods
that allow measuring and manipulating individual quantum
systems [1].

A certain challenge is to ensure a high coherence time of a
quantum system and at the same time strong interaction both
with the external electromagnetic field and between particles.
A high coherence time is required to improve the quality of
operations and perform the longest possible algorithmic
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sequences. Interactions, in turn, are required to implement
quantum operations, and it is desirable that the operations be
fast (which means that the interaction must be strong).

A long coherence time implies isolation of a quantum
system from external influences and the choice of long-lived
internal states, for example, metastable levels. At the same
time, a channel for deterministic control of the wave function
of the system must be provided, which for single-qubit
operations is performed with special pulses of the electro-
magnetic field (optical or radio-frequency). Decoherence in a
given channel can be minimized by using an extremely small
number of photons in the corresponding mode when the
external field is switched off. The situation is more compli-
cated with two-qubit operations, which require strong
interparticle interaction to entangle quantum objects. Ions,
unlike atoms, exhibit a strong Coulomb interaction, and the
corresponding potential is quantized when low temperatures
are reached. If the number of phonons in the Coulomb
motional mode is reduced to zero, then almost ideal
conditions for performing quantum operations can be
provided. By a combination of these factors, ions were
chosen as one of the first and very successful platform for
building quantum computers.

The basic element of a quantum computer is generally a
quditÐa quantum object with d5 2 states. Historically,
quantum information theory developed on the basis of
classical information, and the consideration was tradition-
ally focused on the binary representation of data and hence on
two-level systems, qubits. To align the terminology and
definitions with the generally accepted ones, we also mainly
deal with the concept of a qubit, except in the sections devoted
specifically to multilevel systems. An important feature of
quantum computing is the very rapid growth of the dimension
of the state space of a quantum system with the number of
qubits. Thus, a computational register of N qubits corre-
sponds to a state space of dimension 2N. The amount of
information that can be encoded in a vector in such a space
can be illustrated by the fact that its description would require
2� 2N ÿ 1 real numbers, which for 300 qubits is already
approximately 4� 1090, a value inaccessible to any classical
computer. The computational potential of quantum compu-
ters can be effectively used to model other quantum systems
and solve optimization, cryptography, quantum chemistry,
and many other problems.

The full potential of quantum computers can be realized
only when we can fully control the quantum state of the entire
register. For this, wemust be able to both control the quantum
state of each qubit and entangle several qubits with each other
with high fidelity. Otherwise, most of the Hilbert space of the
register would be inaccessible or the computation result would
differ from the expected one.More formally, the requirements
for a quantum system to be used as a computer were
formulated byDiVincenzo in 1996 [2]: (1) it must be a scalable
system with well-defined qubits; (2) it must be possible to
prepare qubits in some initial state; (3) the systemmust have a
long coherence time; (4) the system must provide the imple-
mentation of a universal full set of quantum operations; (5) it
is necessary to be able tomeasure the states of each qubit. Since
the formulation of the basic principles of quantum computing
in the 1980s [3±5], the field has come a long way from
theoretical concepts to prototypes of real devices [6±10],
including those that are commercially available [11±14].

In 1994, Cirac and Zoller [15] proposed using a chain of
laser-cooled ions trapped in a linear Paul trap as a physical

implementation of a quantum register [16]. Atomic ions in
traps naturally represent multilevel quantum systems that are
identical to each other within the same isotope and satisfy the
DiVincenzo criteria. The use of trapped ions in various areas
of physics began with the development of methods for
confining charged particles. The radiofrequency ion trap
invented in 1953 by Paul [17] has found the widespread
application in the field of quantum computing. In 1989,
W. Paul and G. Dehmelt (the inventor of another type of
ion trap [18]) were awarded the Nobel Prize in Physics.

Particle confinement in Paul traps is achieved by a
combination of static and alternating electric fields created
by special electrode systems (Fig. 1). A distinctive feature of
ion traps is their depth, which can reach several electron volts,
equivalent to temperatures of the trapped particles of
� 10;000 K. This allows ions to be loaded into traps from
heat sources without preliminary cooling, and the lifetime of
the trapped particles can reach several months. In addition,
Paul traps introduce minimal disturbances into the energy
structure of ions and allow the trapped particles to be
effectively isolated from external influences. Therefore, such
traps do not require a magnetic field for their operation; after
laser cooling [19], the ions are localized near the region where
the confining electric fields vanish. Considering that such
traps are usually placed in vacuum chambers with a residual
pressure of less than 10ÿ10 mbar, collisions with the back-
ground gas can also usually be ignored. These properties
allow the third DiVincenzo criterion, a long coherence time,
to be met. Thus, the record coherence time among all types of
qubits, 1 h, was achieved with the 171Yb� ion in a Paul trap
[20]. Another advantage of Paul traps is the high degree of
localization of individual particles after cooling (from several
ten nanometers to a few micrometers). Cooled trapped ions
form structures called ion (or ionic Wigner) crystals (Fig. 2).
These structures are similar to the crystal lattice of solids and
are formed when the kinetic energy of particles becomes less
than the energy of Coulomb repulsion between ions and the
energy of the interaction with the confining field of the trap.
Ion crystals can have linear, two-dimensional, and three-
dimensional configurations. The characteristic distance
between ions in a crystal is 1±15 mm. Such strong localization
and stationarity of the crystal configuration allow an efficient
implementation of individual optical addressing of each
particle. In addition, the Lamb±Dicke regime [16] is
ensured, which occurs when particles are localized in a region
smaller than the wavelength of the radiation interacting with
them. In this regime, the interaction of ions with radiation
occurs predominantly without changing the vibrational state

Figure 1. Schematic view of Paul trap. Black dots in middle indicate chain

of ions trapped by electrodes.
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of particles, minimizing the effect of particle motion on the
fidelity of single-qubit operations. No less important is the
fact that, from the mechanical standpoint, ions in a crystal
represent a system of coupled harmonic oscillators. This gives
rise to collective vibrational degrees of freedom in the ions in
the trap, which can be used to entangle the quantum
electronic states of the ions with each other.

Thus, laser-cooled ions in a Paul trap satisfy all the
DiVincenzo criteria: (1) quantum information can be
encoded in the electronic states of ions, the number of
trapped ions is limited only by the technical capabilities of
controlling their quantum states, and further scaling is
realized by quantum interconnections between several indivi-
dual ion chains [21, 22]; (2) initialization of quantum states is
effectively realized by optical pumping methods [23, 24];
(3) record coherence times among all platforms existing
today [20] are achieved on ions due to a high degree of
isolation from environmental influences; (4) a complete
universal set of quantum operations is realized using high-
precision single-qubit operations performed using microwave
[25, 26] or optical [6, 24] fields, as well as two- [15, 27, 28] or
multi-qubit [31, 32] operations using common vibrational
modes as the interaction mediator; (5) the states of each ion
can be read out with high fidelity using the electron shelving
method [6, 16, 24].

As noted above, ion chains in Paul traps were the first
proposed physical implementation of a quantum computer
[15]. The most important achievement in [15] was the creation
of the concept of using collective vibrational modes to
perform a two-qubit operation (the Cirac±Zoller gate),
namely, the controlled phase operation CPHASE. Just one
year after the publication of paper [15] in 1995, Monroe and
Wineland, following the approach proposed by Cirac and
Zoller, experimentally demonstrated the entanglement of the
electronic degrees of freedom of a single beryllium ion in a
trap with its vibrational mode, which is a key element of the
proposed gate. In 1998, Wineland's group succeeded in
implementing the entanglement of two beryllium ions in a
trap using a modified Cirac±Zoller method that does not
require individual optical addressing of the particles [31], and
in 2003, a full-fledged entanglement of two calcium ions with
individual addressing was implemented [32], which means
that a complete universal set of quantum operations for a
two-qubit system was implemented. The main disadvantage
of the Cirac±Zoller gate is the need to cool the relevant
vibrational mode to the ground state [33]. Because the
process of cooling to the ground vibrational state is always
performed with some finite accuracy, and also because of the
heating of the ion chain after cooling [34±36], this leads to
errors in this type of gate.

An alternative to the Cirac±Zoller gate less sensitive to the
initial vibrational state was proposed in 1999 byM�olmer and

S�orensen [27]. This method (the M�olmer±S�orensen or MS
gate) is distinguished by both the relative simplicity of
implementation (individual addressing of ions is not
required: the operation is performed in a single laser pulse)
and a much lower sensitivity to the initial vibrational state of
the ions. Although cooling to the ground vibrational state
improves the fidelity of this gate, it is not a necessary condition
for its implementation. Such a gate was experimentally
demonstrated in 2008 in Blatt's group in Innsbruck [37] on a
pair of calcium ions. The achieved fidelity of the operationwas
99.3(1)%. This type of gate, with minor modifications, is still
one of themostwidespread in theworld. It is also important to
note that simultaneous application of this gate, not to two but
to a larger number of particles, leads to the generation of
maximally entangled Greenberger±Horne±Zeilinger (GHZ)
multiparticle states [38].

The third widespread form of two-qubit operation is the
geometric gate, first proposed and implemented in 2003 by
Wineland's group [39] with a fidelity of 97%. This is a phase
gate, and it can be mathematically represented as an MS gate
in a different basis. For more details on the types of two-qubit
operations on ions, see Section 4.3 of this review.

In addition to the field of quantum computing itself, the
development ofmethods for quantum entanglement of ions in
a trap had a significant impact on related research fields, in
particular, precision spectroscopy and metrology. Thus, in
2004, Wineland's group proposed using an ensemble of ions
in the maximally entangled GHZ state to improve the
stability of ion frequency standards [40]. The same group
proposed and experimentally demonstrated the most impor-
tant concepts of sympathetic cooling [41] and quantum-logic
spectroscopy [42], which opened up the possibility of studying
and using ions with a level structure that prevents their direct
cooling and readout for metrological purposes. These
techniques have allowed implementing optical frequency
standards on aluminum ions with a relative uncertainty of
less than 10ÿ18 [43], as well as precision spectroscopy of highly
charged argon ions [44], which is important for testing
fundamental theories, including quantum electrodynamics.
For his outstanding discoveries in the field of control of
quantum states of single ions, David Wineland was awarded
the Nobel Prize in Physics in 2012.

Thus, by 2003±2008, all the necessary experimental
primitives for creating a universal ion quantum computer or
simulator were demonstrated. This marked the beginning of
rapid development of both theoretical and experimental
research in this field. In 2005, Monroe's group used a pair of
cadmium ions to implement the first full-fledged quantum
algorithm, the two-qubit Grover algorithm with a phase
oracle [45], with a fidelity of 60(2)%. With more than two
ions, experiments were initially focused more on the field of
quantum simulations, because many problems in this field
can be solved with a lesser degree of control over the quantum
system than with a universal computer. For example, in 2011,
the first experiments on quantum simulation involving up to
6 particles were carried out [46, 47]. In particular, although
the entanglement operations in such a system were imple-
mented only globally, involving all ions simultaneously, the
dynamics of an Ising spin chain was simulated. In the same
year, a GHZ state of 14 ions was demonstrated [48]. In 2017,
this result was improved by Monroe's group, which demon-
strated a simulation of the phase transition dynamics in a spin
chain with transverse Ising interaction on 53 ions, although
this simulation was an analogous one and all operations were

a

b

Figure 2. Images of ionic crystals consisting of 25Mg�. (a) Three-

dimensional crystal, (b) linear crystal. Each dot corresponds to a single

ion.
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performed only globally [49]. Also in 2018, Blatt's group
implemented variational algorithms for simulating H2 and
LiH molecules using up to 4 ions (entanglement operations
were again performed only globally, while single-qubit
operations were performed with individual addressing).
Today, the number of qubits in simulators using Paul traps
has reached 512 due to the use of two-dimensional configura-
tions of ion crystals [50].

The development of multiqubit universal computers was
initially hindered by the lack of individual addressing of
qubits when performing entanglement operations. This was
due to the existing types of two-qubit operations that implied
the interaction of particles through only one vibrational
mode, which imposed the requirement that they be spectrally
resolvable. Because axial modes are spectrallymore separated
from each other, they were used for calculations, which
required a nonzero projection of the wave vector of the
addressing laser beam onto the trap axis. This, in turn,
complicated individual optical addressing. A solution to this
problem was proposed by Monroe's group in 2006 [51] and
implied a transition to radial motional modes and a general-
ization of the MS gate to the case of interaction with a large
number of modes simultaneously. This approach was experi-
mentally demonstrated in 2014 on ytterbium ions [52], which
paved the way to the creation of the first universal quantum
computer with 5 qubits on an ion platform in 2016 [53]. The
average fidelity of two-qubit operations in the processor was
98%, while a distinctive feature of this computer was its full
connectivity, i.e., the ability to implement a two-qubit gate
between any pair of qubits in one operation. Full connectivity
in ion computers is ensured due to the entanglement via
common motional modes that are coupled with all trapped
particles simultaneously. The only platform for quantum
computing, other than ions, that currently has full connectiv-
ity is neutral atoms, where this is achieved by physically
moving the atoms toward each other to perform the operation
[54]. Besides ions, universal computers existed at that time
only on the superconducting platform.

A milestone in the development of ion quantum comput-
ing was the creation of the IonQ startup company in 2015 by
ChristopherMonroe andYoungsangKim.Major technology
companies such as IBM and Google had already joined the
development of the superconducting platform at that time,
bringing in significant funding and production and engineer-
ing resources, but the ion platform had previously been
developed exclusively within academia. This step allowed
significant technological advances of computer subsystems,
increasing their reliability and automation. In 2019, a next-
generation computer with 11 qubits on ytterbium ions was
presented, utilizing the same technology, with full connectiv-
ity and an average fidelity of 99.5% for single-qubit
operations and 97.5% for two-qubit operations. Cloud
access to this system was also provided on a commercial
basis. In 2022, the same company released the 25-qubit Aria
processor with single-qubit and two-qubit operation fidelity
of 99.94% and 99.4%. This system implemented cryogenic
cooling of the vacuum chamber to increase the lifetime of the
ion chain and reduce particle heating. Soon, the IonQ Forte
computer was presented with a new optical addressing system
based on ultraviolet acousto-optic deflectors (AODs) and
next-generation surface traps, where the number of qubits
was increased to 36, and the fidelities of single-qubit and two-
qubit operations were respectively increased to 99.98% and
99.6%.

The next step in the development of ion quantum
computers was made by the large American company
Honeywell, which presented its prototype of a computer
based on ytterbium ions in 2020 [21]. This prototype
combined almost all the advanced solutions available at that
time, including multisection surface chip traps, a cryogenic
vacuum chamber, specialized electronics, powerful and
highly-stable ultraviolet laser sources, reconfiguration of ion
crystals, and sympathetic cooling. An important feature
distinguishing the prototype from those considered above
was that, here, the ions were held not in one common zone of
the trap but in different zones. The design of the trap and
electronics allowed each ion to be moved individually,
brought closer together whenever necessary to perform two-
qubit operations, to be separated, to be swapped, and much
more. This concept was initially proposed back in 1998 in
Wineland's group [55, 56] and was called a quantum charge
coupled device (QCCD). Such approaches were studied in
most detail at the Sandia National Laboratory in Califor-
nia [57±61], the results of which were subsequently used by
Honeywell. The presented prototype had 4 qubits with full
connectivity using ion shuttling, with the fidelity of the
respective single-qubit and two-qubit operations being
99.99% and 99.2%. Also, the possibility of an mid-circuit
measurement of the ion subregister was demonstrated using
the QCCD technology, which is an important element for a
number of algorithms, including error correction. In
addition, Honeywell adopted the quantum volume metric
[62], originally proposed by IBM for superconducting
processors.

Quantum volume is a metric that incorporates such
processor characteristics as the fidelity of single-qubit and
two-qubit operations, the number of qubits, their connectiv-
ity, and the ratio of the operation time to the coherence time.
The quantum volume of a system is the largest number 2N,
such that the average probability of obtaining `heavy output
values' [63] after running circuits of a special type on a
subregister of N qubits is more than 2/3. ``Heavy output
values'' are those measured states of a quantum register
whose theoretical probability of being obtained on an ideal
noiseless quantumprocessor is above themedian. The circuits
for characterizing the quantum volume are shown in Fig. 3
and consist of N layers. In each layer, all N qubits are
randomly divided into pairs, and randomly chosen Haar-
uniform from SU(4) two-qubit operations are performed on
each pair. It turns out that such a metric is one of the most
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Figure 3. Form of quantum circuits used to characterize quantum volume.

Each SU(4) gate in the figure is a random, Haar-uniform chosen from

SU(4) two-qubit operation.
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rigorous integral metrics used today and can be interpreted as
the dimension of the quantum subregister that can be
effectively used for sufficiently complex quantum algorithms.

In their first prototype quantum computer, Honeywell
demonstrated the largest quantum volume of 24 achievable in
a register of that size. Honeywell's quantum computing
division then spun off into a separate company, Quantin-
uum, and merged with another quantum algorithm devel-
oper. Quantinuum continued rapidly developing ion technol-
ogy, demonstrating impressive progress in quantum volume
[64]. The first-generation H1-1 and H1-2 processors were
similar to the first generation of Quantinuum's, featuring a
linear architecture, full ion shuttling connectivity, up to
20 particles, 5 qubit zones for simultaneous two-qubit
operations, the capacity for mid-circuit measurement, and
support for parameterizable native gates. As a result, the H1
system demonstrated the highest two-qubit gate fidelity of
99.9% and the highest single-qubit fidelity, 99.998%, among
universal computers commercially available at the time. The
quantum volume of this systemwas 220 (themaximum for this
register size). The next generation of the H2 processor [6],
introduced in 2023, surpasses the H1 in terms of the number
of qubits (56), the speed of ion movement (due to the
replacement of the linear architecture with a ring one), the
cooling speed, and the quantum volume of 221, which is a
world record now. For comparison, the best result achieved
by its closest competitor, the IBM Falcon R10 Prague
superconducting processor, was 29 in 2022, which means less
than half as many `useful' qubits. We note, however, that
many other companies use other metrics, such as algorithmic
qubits (IonQ) [10] or characterize their systems only on a
component-by-component basis (Google, Harvard Univer-
sity), which complicates direct comparisons.

In Russia, the development of quantum computing on an
ion platform began in 2020 within a framework of the leading
research center `Quantum computing' (funded by RVC). The
goal was to create a 5-qubit ion computer and connect it to the
cloud platform. The project was followed up by theRoadmap
for Quantum Computing (2020±2024, Rosatom), which
made it possible to demonstrate a 50-qubit ytterbium ion
computer and a number of algorithms implemented on this
platform by the end of 2024. In Section 5.1, we present the
main results obtained during the implementation of the
Roadmap. Also, as part of the Roadmap, a laboratory was
created at theRussianQuantumCenter, with the task to build
a quantum computer on calcium ions [7]. A number of
important experimental and theoretical results were
obtained [29, 65±73], and world-class fidelity values for
single- and two-qubit operations were achieved.

Further in the review,we describe themain approaches and
methods used in building ion quantum computers, describe the
implementation of some algorithms performed by our group,
and present the characteristics of a 50-qubit ytterbium ion
computer created within the Roadmap framework.

2. Ion trapping

2.1 Ion motion in a Paul trap
Let us discuss the main aspects of the confinement of single
ions and ion chains in a linear Paul trap.

2.1.1 Classical consideration, single ion. In a Paul trap, the
radio-frequency potential is close to the quadrupole one in the

trapping region:

F�x; y; z; t� � U

2
�ax 2 � by 2 � gz 2�

�
~U

2
�a 0x 2 � b 0y 2 � g 0z 2� cos �orft� : �1�

Here, the first term is the static part, the second is the radio
frequency part (with the frequency orf of the order of 10±
20 MHz). This expression is written in a quasistatic approx-
imation, i.e., it is assumed that, at each moment of time, the
potential has this coordinate dependence in the entire volume
under consideration. This approximation is valid if the
wavelength of the radio frequency field of the trap is much
larger than characteristic dimensions of the trap, which is
always the case in practice. In the same approximation, the
wave equation for the field is written as the Laplace equation

DF � 0 ; �2�
which holds for any U, ~U, and orf if

a� b� g � 0; a 0 � b 0 � g 0 � 0 : �3�

To perform quantum computation on ions, a configuration is
usually chosen such that

ÿa � ÿb � g
2
> 0 ; a 0 � ÿb 0 ; g 0 � 0 : �4�

The physical meaning of this configuration amounts to the
presence of a preferred axis (the z-axis in this case), such that
the confinement along it is purely static. The ions that make
up the quantum register subsequently align linearly along the
same axis. The motion of an ion along the z-axis is harmonic,
with the oscillation frequency

oz �
��������
geU
m

r
; �5�

wherem is the mass of the ion and e is its charge (positive here
and hereafter). The radial motion equation takes the form
(for the x-axis)

d2x

dt 2
ÿ ÿaÿ 2q cos �2t��x � 0 ; �6�

where the parameters a, q, and t in the notation of Eqn (1) are

t � orft

2
; a � 4eUa

mo 2
rf

; q � 2e ~Ua 0

mo 2
rf

: �7�

The equation of motion along the y-axis is written similarly.
A differential equation of type (6) is called the Mathieu

equation [16]. The solutions of this equation are, accordingly,
the Mathieu functions. The stability of the trajectories
described by the Mathieu functions is determined by the
parameters a and q. In particular, Floquet's theorem [74]
asserts the existence of periodic solutions of the Mathieu
equation for pairs �a; q� falling into the so-called stability
region [16]. When the stability condition is satisfied, the
Mathieu functions are expanded in a Fourier series as

x�t� � A exp �ibt�
X1
n�ÿ1

C2n exp �i2nt�

� B exp �ÿibt�
X1

n�ÿ1
C2n exp �ÿi2nt� ; �8�
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where A and B are arbitrary constants that define the initial
conditions, and the coefficients b and C2n are related to each
other by a set of certain recurrence relations [16] that depend
on a and q. The most obvious form of the ion motion is in the
case �jaj; q 2�5 1. It can then be shown [16] that
b � ������������������

q 2=2ÿ a
p

, and the coefficients C�2n can be neglected
for n5 2. In this formulation, the law of ion motion is
(A � B)

x�t� � 2AC0 cos

�
borf

2
t

��
1ÿ q

2
cos �orf t�

�
: �9�

From (9), we can understand the general nature of ion
oscillations in the trap along the radiofrequency confinement
axis. An ion performs harmonic motion with a low frequency
compared with the frequency of the confining field,
borf=25orf, on which a high-frequency low-amplitude
modulation proportional to q (q 2 5 1) is superimposed.
These small fast oscillations are called micromotion, and the
above-mentioned slow oscillations are called secular motion.
The frequency of such motion is called the secular frequency:

or � borf

2
� orf

������������������
q 2=2ÿ a

p
2

: �10�

2.1.2 Ion chain oscillations, normal modes. Technically, the
simplest implementation of a quantum register of ion qubits is
a continuous array of ions placed in a common linear Paul
trap (e.g., Fig. 1). Such a conéguration has the advantage that
the trap axis corresponds to zero amplitude of the radio-
frequency éeld. This, in turn, means that the micromotion in
this location is minimal. Because micromotion leads to the
heating of ions [75], which degrades the édelity of quantum
operations, linear chains are a priority choice for a quantum
register.

We note that the ions do align along the trap axis only if
the axial frequency oz in (5) is much smaller than the radial
secular frequencyor in (10). There is an approximate relation
between the ratioor=oz required for linearity and the number
of ions in the chain N [76]:

or

oz
>

0:77N�����������
logN
p : �11�

Thus, as the number of ions in the trap increases, a fixed radial
frequency requires increasingly weaker axial confinement.

Small oscillations of the system about the equilibrium
position are a linear combination of normal modes character-
ized by their frequencies and their amplitude vectors. The
search for these characteristics reduces to the problem of
finding the eigenvectors and eigenvalues of the matrix of
second derivatives of the potential V evaluated at the
equilibrium positions z

�0�
i . It can be shown that the matrices�

q 2V

qzi qzj

�
fz �0�

i
g
;

�
q 2V

qxi qxj

�
fz �0�

i
g

�12�

for calculating the respective axial and radial modes are
linearly related to each other [77]. This means that, first, the
ratios between the oscillation amplitudes of different ions for
the corresponding radial and axial modes coincide (Fig. 4),
and second, the frequencies of such modes are uniquely
expressed through each other,

2�o 2
r ÿ o 2

r; k� � o 2
z; k ÿ o 2

z ; �13�

where or; k;oz; k are the respective frequencies of the radial
and axial kth mode, (or; 1 � or, oz; 1 � oz). The axial
frequencies increase with increasing k, and therefore, in
accordance with the formula above, the radial frequencies
decrease, i.e., are bounded from above by the frequency or.
Moreover, due to the large difference between the axial and
radial frequencies, the spectral distance between neighboring
radial modes is noticeably smaller than between axial modes.
An example of typical axial and radial spectra in a trap with
five ions is shown in Fig. 5.

2.1.3 Ion-field interaction. The interaction of the field with an
ion can be represented by the Hamiltonian

ĤI � �hO�j0ih1j � j1ih0j� cos �kr̂ÿ ot� f� ; �14�
whereO is theRabi frequency, k is thewave vector of the field,
r̂ is the radius vector of the ion, f is the phase of the field, and
o is the frequency of the field. The Rabi frequencyO depends
on the transition type (electric, quadrupole, magnetic dipole,
etc.), the field amplitude and polarization, and the beam
direction [78].

After switching into the interaction picture, the Hamilto-
nian can be written as

Ĥint � �hO
2

s� exp
�
i
X
l

Zl
ÿ
âl exp �ÿiol t� � â

y
l exp �iol t�

��
� exp

ÿ
i�fÿ Dt��� h:c: ; �15�

where h:c: denotes Hermitian conjugation and D is the
detuning of the field frequency from the transition fre-
quency. The operators s� � j1ih0j and sÿ � j0ih1j act in the
ion's internal electronic level space. The coefficient Zl is called
the Lamb±Dicke parameter and is calculated as

Zl � kbl; j

�����������
�h

2mol

s
; �16�

x

z

a b

Figure 4.Example of corresponding normalmodes: (a) axial and (b) radial.

Arrows indicate amplitude and direction of oscillations of corresponding

ion in the chain.

Modes:
axial
radial

5 4 3 2 11 2 3 4 5

0.5 1.0 1.5 2.0 2.5 3.0 3.5
Frequency, MHz

Figure 5. Spectrum of oscillation modes for chain of 5 ions. Frequency

values are oz � 0:6 MHz and or � 3:65 MHz. Numbers above lines

indicate mode numbers.
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where ol is the vibrational frequency of the lth normal mode
and bl; j is the normalized amplitude of ion oscillations in this
mode ( j is its number in the chain).

Let us consider the case of resonant interaction D � 0.
Then, in the Lamb±Dicke regime (Zl 5 1), the interaction
Hamiltonian can be reduced to the form

Ĥint � �hO
2

ÿ
s� exp �if� � sÿ exp �ÿif�

�
: �17�

This Hamiltonian describes resonant Rabi oscillations and is
used in Section 4.2.

2.2 Types of Paul traps
2.2.1 Bulk traps. Strictly speaking, when implementing the
alternating electric field potential described in Section 2.2.1,
the equipotential lines in the plane perpendicular to the trap
axis are hyperbolas. Thus, electrodes with a hyperbolic profile
can be used to create such a field, which, however, is rarely
implemented in practice.

There are two widely used electrode configurations that
provide radial confinement in Paul traps: rod-shaped elec-
trodes (Fig. 6a) and blade-shaped electrodes (Fig. 6c). From
the standpoint of providing the necessary radial secular
frequencies in the trap, the ratio between the amplitude V0

of the alternating voltage applied to the electrodes and the
distance from the geometric center of the trap to the electrode
r0 is important. An increase in r0, maintaining the secular
frequency at the same level, requires increasing the voltage
amplitude on the electrodes, which makes smaller traps
preferable. The confinement along the trap axis is achieved
either bymeansof end electrodes (shown in green inFig. 6a, c),
to which a constant potential is applied, or by segmenting the
radial confinement electrodes and shifting the potential of the
end electrodes relative to the central segment (Fig. 6b, d).

Another important factor for quantum computing is the
fidelity of readout of the ion states in the trap, which dictates
the need to ensure good optical access to the ions. Due to the
foregoing, the configuration based on blade-shaped elec-
trodes turns out to be more successful at the same size r0. In
such traps, the confinement of large ion chains, the imple-
mentation of one-qubit and two-qubit gates [32, 79], and the
preparation of entangled multiparticle states [48] have been
demonstrated.

For more precise control over the position of ions on the
traps axis, segmentation of the trap electrodes can be used
(Fig. 6b). This approach allows more precise control of the
distance between ions, as well as their movement along the
trap axis, to bring the ions closer or separate them (Fig. 6d).
Lack of necessity for end electrodes also improves optical
access to the ions along the axis.

In terms of the materials and technologies used in
manufacturing trap parts, including electrodes, a high
accuracy of the trap geometry must be ensured to minimize
the heating rate of the captured ions. It is possible to
manufacture electrodes from metals such as copper, stainless
steel, and molybdenum, as well as from dielectrics (for
example, alumina ceramics) with subsequent gold coating.
Manufacturing of metal trap parts by electrical discharge
machining is typically used, ensuring micron-level accuracy
of the geometry of the final parts.

2.2.2 Surface traps. The creation of a quantum computer
capable of solving useful practical problems requires a
multiple increase in the number of ion qubits used. Bulk
traps allow confining linear arrays of more than 100 ions
[80], but the efficiency of performing operations on such
large chains is limited. First, upon increasing the number of
ions N in the chain, the speed of two-qubit gates
Rgate � Z� O usually decreases, where Z � ��������������������������

�hk 2=2m0No
p

is the Lamb±Dicke parameter, m0 is the mass of one ion, o
is the frequency of the motional mode, and O is the Rabi
frequency [78, 81]. Such gates are implemented by exciting
the common motional mode by transferring momentum
from laser radiation to the ion. In long chains, the
coefficient reflecting the participation of the motion of an
individual ion in the collective mode is smaller, which slows
down the laser excitation of the chain vibrations [78]. The
longer the operation is performed, the more decoherence
processes (heating of vibrational modes and field fluctua-
tions) diminish the two-qubit gate fidelity.

Second, with increasing chain length, the distances
between ions, especially in the central region, decrease to
several micrometers (� 4 mm in [80]). In such an arrange-
ment, laser beams for individual ion addressing affect not
only the target ion but also its neighbors, violating their
quantum state.

Third, all bulk traps aremanufactured using various types
of mechanical processing methods and are quite large devices
(several centimeters in size). Although such traps effectively
perform their functions, their design and manufacturing
methods are poorly suited for creating compact devices with
a distributed structure, which are necessary for scaling
quantum computing.

The QCCD architecture of a large-scale ion-qubit
quantum computer was proposed in 2002 [56]. It is a set
of connected ion traps, between which individual ions or
chains of ions can be moved using electric fields created by
additional control DC electrodes. The convenience of
such a system is that the ion quantum processor can be
divided into several functional zones: the interaction zone,
where the ions are located in a single chain and interact
with each other and with laser radiation, the memory
zone, where qubits that are not used at a certain stage of
the quantum algorithm are located, and the loading zone,
where the ion array is replenished. The ions must be
moved among these zones during the execution of the
quantum algorithm.

a b

c d

Figure 6.Basic implementations of Paul traps: (a) simple and (b) segmented

trap with round electrodes, (c) simple and (d) segmented trap with blade-

shaped electrodes. Red electrodes are supplied with alternating voltage,

blue electrodes, with constant potential, which makes part of confining

potential in radial direction, and green electrodes, with constant potential

for longitudinal confinement of ions in the trap.
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Initially, QCCD was proposed to be implemented based
on Paul traps in a classical four-electrode configuration, but
with flat RF and DC electrodes arranged in three layers (the
upper and lower ones form the trap potential, and the middle
one creates control electric fields for ion positioning). The
basic step for implementing the proposed approachÐ
moving ions between neighboring trapsÐwas demonstrated
by the same group [82].

In 2005±2006, an alternative design of a radiofrequency
Paul ion trap was proposed [83] and demonstrated experi-
mentally [84], in which the field is created by electrodes
located in the same plane. The most widespread configura-
tion, consisting of five planar electrodes, is obtained by
directly projecting four electrodes of a volume trap onto the
plane. In this scheme, the outer and central electrodes are
grounded, and the radiofrequency voltage is applied to the
pair of remaining electrodes (Fig. 7). The minimum of the
pseudopotential is located above the central electrode, and
the trap axis is directed along the electrodes (Fig. 8). Several
segments of the outer electrodes are used for axial confine-
ment of ions: for example, applying a positive voltage to the
corner electrodes (see Fig. 7) allows forming a potential well
along the trap axis with a minimum at its center. The high
precision and availability of photolithographic methods for
creating such traps, wide optical access to ions, and the
possibility of constructing an arbitrary surface structure of
electrodes are ideal for implementing the QCCD scheme.

In surface traps, ion movement occurs due to a change in
the shape of the electric potential above the trap plane. By
smoothly switching the voltage on the DC electrodes, the
potential minima are moved along the trap axis together with
the ions [86, 87]. The movement of ions in a two-dimensional

plane above the surface of a chip trap allows manipulating
several ion chains on a single chip as a single quantum
register: connecting and separating chains, exchanging ions
between them, and performing quantum operations on any
pair of qubits. The SWAP logical operation, for example,
can be implemented by physically swapping neighboring
ions [88].

Compared to bulk traps, planar traps are distinguished by
an approximately order of magnitude smaller depth of the
confining pseudopotential at an equal amplitude of the
radiofrequency voltage, as well as by the asymmetry of the
potential well in the radial plane. The typical distance d from
the ion to the chip surface is 50±100 mm, which can
significantly limit the numerical aperture (NA) of the
Gaussian laser beam used for ion addressing. Traditionally,
microchips with ion traps are manufactured in the form of a
bow tie, with the trap zone located in the isthmus with a width
of about 1 mm (Fig. 9). In this configuration, the NA is
approximately 0.2 for beams propagating parallel to the trap
plane and perpendicular to the isthmus, which suffices for
using beams with a waist diameter of less than 2 mm for
individual ion addressing. The amplitude of the radiofre-
quency voltage supplied to the surface trap is limited by the
breakdown voltage between closely spaced electrodes (9300±
400 V), but it is comparable to the maximum voltages used in
volumetric traps.

The effects of ion heating in surface traps are stronger due
to their proximity to the electrodes. Heating of ion vibrations
is caused by fluctuations of the electric field at the confine-
ment point. The main sources of such fluctuations are the
instability of the electrode surface potentials (patch poten-
tials) and thermal noise (Johnson±Nyquist noise), which
increase with decreasing distance d to the electrodes propor-
tionally to 1=d 4 and 1=d 2, respectively [89]. The heating rate
can be reduced by using optimal materials for the surface
electrodes, cleaning the surface, and using cryogenic tempera-
tures [90]. The lowest heating rates recorded in planar ion
traps are several ten phonons per second.
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Figure 7. Structure of electrodes of surface Paul trap. Confinement of ions

in y and z directions is provided by radiofrequency potential applied to RF

electrodes; central electrode is grounded (GND), and side segmented

electrodes provide confinement and movement of ions along x-axis. Laser

beams are usually directed parallel to trap plane.
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Figure 8. Illustration of pseudopotential of surface Paul trap formed by

system of five electrodes. Trap electrodes are shown at bottom. Pseudo-
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Figure 9. Surface Paul trap on a microchip developed at Lebedev Physical

Institute and manufactured at Moscow Institute of Electronic Technol-

ogy. Structure is grown on silicon substrate and has three layers of gold

separated by layers of silicon nitride. Area of trap highlighted in

photograph (a) is shown schematically in Fig. b. Trap has two RF

electrodes, 20 internal, and 10 external DC electrodes.
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The design of microchips with surface ion traps is
becoming increasingly complex, and many devices required
for quantum computing and simulations are gradually being
integrated directly onto the chip. These include optical
waveguides, photon detectors, and electrical components
such as inductors and radio frequency filters [91]. Modern
ion chips can include several hundred programmable elec-
trodes [6], with traps arranged in several rows and ion chains
moving between them via X-, Y-, and T-shaped connections
[92]. For ease of addressing, some traps have a slot cut along
the axis to the full depth of the chip, allowing laser beams to
pass through the trap and precisely affect the trapped ions
[93]. Often, such microchips with ion traps are placed in
standard CPGA cases used in computer processors.

In recent years, research has begun in Russia in the field of
development and application of surface ion traps. Research
groups from the Lebedev Physical Institute of the Russian
Academy of Sciences (LPI) [94] and the Russian Quantum
Center (RQC) [95] are working on creating ion-trap micro-
chips for quantum computers. A group from the Skolkovo
Institute of Science and Technology [96] is developing a
compact optical clock using a planar trap. An example of a
chip trap developed at the LPI and MIET is shown in Fig. 9.

2.3 Loading ions
Any quantum computing experiment begins with loading one
or more ions into a radio frequency trap. Currently, many
laboratories working with the ion computing platform are
moving to the active use of planar technologies [6, 21, 97]. In
this regard, ion processors are becoming smaller, and the
experimental challenges caused by the loading procedure are
becoming increasingly critical for the implementation of high-
quality quantum computing.

Typically, the process of loading ions into a trap consists
of three main stages: creating a flux of neutral atoms, the
ionization procedure, and the ion trapping procedure. The
two most common methods for obtaining a flux of neutral
atoms are using an atomic oven [98] and using pulsed laser
ablation [99]. Setups for implementing these methods are
shown in Fig. 10. Also, in more complex experiments,
magneto-optical traps are sometimes used, in which neutral
atoms can be trapped and localized at a point in space
required for the experiment.

Historically, the first method classically used for creating
an atomic flux employs an oven, which produces a directed
thermal beam of neutral atoms by heating an atomic source
inside a vacuum chamber. The oven is a container with a
sample of the substance, equipped with a resistive heater.

When the heater is turned on, the oven, due to the effusion
process, creates a beam of neutral atoms, which is directed
such that it passes through the trapping area of the ion trap.
However, this method has a number of disadvantages. The
flow of atoms created by an atomic oven is continuous and
cannot be quickly turned off, which inevitably leads to an
excess of evaporated atoms, extremely undesirable in the
experiment. With such a loading process, atoms from the
beam can be deposited on the electrodes of the trap or
dielectric surfaces, leading to its local contamination. It has
been shown that the accumulation of contaminants on the
trap electrodes significantly increases the heating rate of the
trapped ions over time [100, 101]. Also, the combination of
ion traps with optical resonators [102] places stringent
requirements on the loading process, because any contamina-
tion of the mirror surfaces degrades the quality of the
resonator.

With an atomic oven, the ionization of neutral atoms is
usually carried out either by electron impact or by the
resonance photoionization method. The electron impact
method is performed using an electron gun. Electrons are
accelerated and collimated such that the resulting electron
beam intersects with the atomic beam in the trapping area.
The potentials of the accelerating electrodes must also
provide an electron energy sufficient for a high impact
ionization cross section. However, this method is nonselec-
tive: atoms of any elements and isotopes that are at the
intersection of the electron beam and the trapping area are
subject to the ionization process. The ionization process also
affects the background gas atoms that remain after the
vacuum chamber has been evacuated. Therefore, the reso-
nance photoionization method is preferable: it ensures
selectivity of the isotopes loaded into the trap and therefore
has a higher efficiency compared to electron impact. The
loading efficiency using the photoionization method is up to
five orders of magnitude greater [103, 104] than that of the
electron impact method. Therefore, a much smaller flux of
neutral atoms is required for ionization, which reduces
contamination of the trap electrodes [105].

The method of creating an atomic flux bymeans of pulsed
laser ablation resolves some of the problems that arise when
using atomic ovens. The laser ablation method uses high-
energy laser pulses that act on a target made of a selected
material and heat a strictly localized area to high tempera-
tures. This creates beams of atoms that leave the target
surface in response to each laser pulse. The evaporation of
atoms by ablation can be maintained for as long as it takes to
obtain the desired number of trapped ions. Thus, after
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Figure 10. Main methods for loading ions into a radio frequency trap: (a) by creating atomic flux using an oven, (b) by creating atomic flux using laser

ablation in combination with resonant photoionization method.
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loading the required number of ions, the ablation process can
be stopped immediately. At the same time, due to the high
temperatures of the ablated atoms, the loading can be less
efficient compared to using an atom oven for shallow traps.
However, loading of a planar trap with a trapping depth of
only 40 meV was demonstrated in [99]. Together with the
resonance photoionization method, ions can be loaded into
the trap isotopically selectively.

Using magneto-optical traps, it is possible to localize
neutral atoms in the central region of the ion trap, and,
after photoionization, catch the ionized atoms directly into
the ion trap [106]. The advantage of this approach is that
ion loading is much more efficient if the ion trap has a
small trapping potential. For example, the loading rate of
the ion trap in [107] exceeds the rate achieved by
photoionization (ionization by electron impact) of an
atomic beam by four (six) orders of magnitude. In this
paper, it was demonstrated that shallow traps (0.13 eV) are
easily loaded using this technique.

3. Initialization, cooling and readout
of the ion states

3.1 Encoding quantum information in ions
Information in ion qubits is usually encoded in the internal
states of the particle, and the generalized vibrational degrees
of freedomof the ion chain act as amediator of the interaction
between them.

To implement computations, the ion must have a suitable
energy structure. In particular, it must typically have a pair of
metastable levels that could be used as states encoding the
qubit, as well as a cyclic transition for cooling, initialization,
and readout. Most often, the most convenient structures are
those of ions of group II elements (for example, Be�, Mg�,
Ca�) or some lanthanides and actinides (Yb�, Lu�, Th�).
This is due to the presence of one electron in their valence
shell, which makes them hydrogen-like.

There are several types of ion qubits, differing in the types
of transitions between qubit states (Fig. 11). The first of them
is an optical qubit. There, the qubit levels are connected by a
narrow optical transition (usually E2) with a frequency of
several hundred THz, which explains its name. Usually, one
of its levels is the ground electron state of the ion, and the
other is some metastable state, for example, one from the
D-level, which has a lifetime from several ten milliseconds to
tens of seconds for many particles under consideration. The
second frequently used type is a microwave qubit. It is
typically implemented using the transition between two
states of the hyperfine structure of the ion, with the frequency
in the range from a few to ten GHz, which is why such qubits
are often called hyperfine. The third type is a Zeeman (or
radio frequency) qubit qubits. It is formed by several Zeeman
sublevels of a certain spectral term, and its frequency is from
several units to hundreds of MHz.

Each of the qubit types has its own advantages and
disadvantages. The optical-type qubit allows easy individual
addressing of each ion in the register using a single, narrowly
focused laser beam. The disadvantage of the optical qubit is
the limited lifetime of the excited state. The advantage of the
Zeeman qubit is that the levels are sufficiently close and can
be controlled by simple radio frequency sources and anten-
nas, but the coherence time is short due to the strong
sensitivity to the magnetic field, and it is difficult to read and

address qubits of this type individually. One of the most
common qubit types is the microwave qubit [6, 37, 108]. Its
advantage is a long coherence time, which can be more than
a minute [24] or more than an hour when using active
dephasing suppression (dynamical decoupling) methods
[20]. However, the microwave qubit also requires more
complex approaches to ensure individual addressing com-
pared to the optical one. Operations with it are performed
using Raman transitions [109] or a microwave field [110].
For more information on the methods for controlling
different types of qubits, see Section 4.

3.1.1Multilevel system for encoding quantum information.The
structure of levels in ions allows the use of many more than
two levels, thereby encoding information in a d-level system.
Such multilevel systems are usually called qudits. Qudits can
be used to scale up quantum computers without significantly
changing or complicating the experimental setup.

There are two main ways to use multilevel systems. The
first is based on the fact that one qudit can be represented as
log2�d � qubits [69, 111]. For example, one ququart (a four-
level qudit) can be represented as two qubits. Using one ion to
encode several qubits at once allows the number of qubits to
be increased to a hundred or several hundred with the existing
technologies. In addition, qubits encoded in a single ion can
be entangled using single-qudit operations, whose fidelity is
usually significantly higher than that of two-particle entan-
gling gates.

The second advantage of qudits is the possibility of using
additional levels as auxiliary ones to reduce the number of
gates required to perform quantum algorithms. These
auxiliary levels are usually called ancilla. Thus, using qutrits
(qudits with three levels) allows effectively reducing the
number of operations required to perform the Toffoli gate,
which is used in many quantum algorithms [112, 113].

The two approaches can be used simultaneously. For
example, when using ququints (five-level qudits), the first
four levels can be represented as two qubits, and the last
auxiliary level can be used as an ancilla [114].

Electronic states

Optical
transition

Zeeman
splitting
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splitting

� 100 THz

� 10MHz � 10GHz

Figure 11. Characteristic level diagram of an ion indicating various

transitions that can be used to encode and control qubits.
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The main criteria for selecting levels for a qudit are their
long coherence time and the ease of individual addressing and
excitation of transitions between the qudit levels. It is
important to note that different states of qudits can have
different coherence times. For example, in [72] and [115],
magnetic sublevels from the D-term are used to encode a
qudit whose energies have different sensitivities to magnetic
field fluctuations, which often determine the coherence time.
Magnetic screens made of a m-metal are often used to stabilize
the magnetic field by reducing the effect of external magnetic
fields [116, 117]. Active stabilization of the magnetic field is
also possible using a pair of coils and a feedback loop, which
allows precise control of the current through the coils [118].
The most effective way to reduce the influence of magnetic
field fluctuations is to use dynamical decoupling methods
[65, 119, 120]. In these methods, the qubit (or qudit) is
encoded in protected superposition states that are weakly
sensitive to the magnetic field.

There are several laboratories in the world developing a
quantum computer on qudits. A group led by Blatt created a
processor on 7-level qudits [121] in 40Ca� ions. Senko's group
created a 13-level qudit in 137Ba� ions [115]; they claim that
they can increase the number of qudit levels to 25. The first
qudit quantum processor on 171Yb� ions was demonstrated
inour laboratory [72].A quantum computer with 8 ququarts
(16 qubits) was also demonstrated [66], and a 50-qubit ion
quantum computer, also based on the qudit architecture, was
demonstrated as a result of the Roadmap implementation
(see Section 5.1).

3.2 Initialization of quantum states
After the loading procedure, the ion register must be
prepared in the initial state jc0i. An error associated with
the quality of the preparation and readout procedures of
the state of one ion, eSPAM (state preparation and
measurement error), leads to a decrease in the fidelity of
the algorithms performed on the register, exponentially
dependent on the number of qubits as �1ÿeSPAM�Nq , where
Nq is the number of qubits, and leads to a systematic shift
in the probability distribution of obtaining certain output
states. Because this error is typically time stationary, the
output data can be post-processed to correct the resulting
distribution, but this leads to a sharp increase in the
number of measurements that must be made. A require-
ment for implementing error correction algorithms is to
perform a readout procedure during the execution of the
quantum algorithm (mid-circuit measurement and reset),
and therefore errors associated with the fidelity and speed
of the state initialization procedure, as well as readout,
contribute significantly to the error budget [97].

Typically, initialization of ion qubit states to the initial
state jc0i is performed using the optical pumping method
[122]. Current experiments with ion qubits demonstrate the
ability of this platform to implement the initialization
procedure easily and efficiently: the initialization and read-
out fidelities achieved so far are better than those demon-
strated on any other physical platform. Typical initialization
errors for the ion platform are currently on the scale of 10ÿ4

[24]. Recently, high-precision qubit manipulation based on
the hyperfine state of the 133Ba ion was demonstrated in [123],
where the eSPAM was measured to be 0.99971(3), and a
method for achieving high-precision state preparation and
measurement using the 137Ba ion was presented in [124] to
achieve an eSPAM of �9:0� 1:3� � 10ÿ5.

Also, the electronic structure of a chosen ion and a chosen
optical pumping method are important characteristics that
affect the efficiency of the initialization procedure. For
example, in our setup, the 171Yb ion qubit can be easily and
efficiently initialized by optical pumping to a single Zeeman
sublevel (F � 0 and mF � 0). The scheme of optical pumping
of the 171Yb ion is shown in Fig. 12. The 171Yb ion has nuclear
spin I � 1=2, which leads to a singlet ground state and allows
simple and efficient initialization of the qubit state [122, 125].

3.3 Ion cooling
3.3.1 Doppler cooling. An important factor when working
with an ion is the possibility of cooling it. Most often, the first
stage is Doppler cooling, which requires the presence of a
strong cyclic transition accessible to modern laser sources
(such transitions exist, for example, in the ions Yb�, Ca�,
Be�, Ba�, Sr�, Cd�, In�, Mg�, Hg�, and Rb�). However, for
the Al�, Na�, and Th� ions, molecular ions, and some other
particles, such transitions cannot be excited using existing
lasers. In this case, sympathetic cooling can be used, which is
discussed in the next section.

Due to the Doppler effect, the frequency of the electro-
magnetic field radiation experienced by a particle is different
when moving toward the wave front and when moving in the
same direction with the wave. It is then possible to tune the
radiation frequency to the red range of the spectrum, such
that the particle absorbs photons only when moving toward
the beam, reducing its kinetic energy. When moving in the
opposite direction, the effective tuning only increases and
photons are not absorbed. If the re-radiation process is
isotropic, then cooling occurs.

The equilibrium temperature of the ion depends on the
radiation detuning D from the resonance of the atomic
transition,

kBT � �hG
8

�
�1� s� G

D
� 4D

G

�
; �18�

where s is a dimensionless parameter determined by the
radiation intensity, wavelength, and natural cooling transi-
tion width G.

At the detuning value

Dm � ÿG
2

�����������
1� s
p

; �19�
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Figure 12. Scheme of optical pumping of 171Yb ion to 2S1=2 state

(F � 0;mF � 0) (marked in red). Solid lines show levels coupled by laser

radiation, wavy lines show spontaneous decay processes.

562 I.V. Zalivako et al. Physics ±Uspekhi 68 (6)



theminimumpossible temperature is reached, given by the so-
called Doppler limit

Tm � �hG
�����������
1� s
p

2kB
; �20�

which, at characteristic widths of cooling transitions in ions of
the order of several tens of MHz, is of the order of 1 mK. The
first chain of cooled ions in Russia (see Fig. 2) was obtained at
the Lebedev Physical Institute in 2016 [126].

For certain quantum operations on ions, cooling of the
particle to the vibrational ground state is required. For light
particles, such as the 9Be� ion, the Doppler limit temperature
in terms of the average vibrational number can correspond to
�n � 0:5 [33, 127]. However, for most particles, characteristic
values are �n � 10±100, depending on the ratio of the cooling
transition width to the secular frequency of the ion motion in
the trap [128]. Accordingly, methods for achieving sub-
Doppler temperatures need to be considered.

3.3.2 Resolved sideband cooling (RSC).When a particle is kept
in a trap, its electron levels are split into many vibrational
sublevels. If the width of the atomic transition turns out to be
much smaller than the secular frequency of the ion motion in
the trap, G5o, the so-called resolved sideband regime
(RSR) is realized, meaning that transitions between indivi-
dual vibrational components can be excited. Particle cooling
is achieved by exciting the ion at the red sideband frequency
and repumping it back to the initial electronic state, which, in
average, occurs without changing ofmotional number. In this
case, the particle loses one vibrational quantum during the
cooling cycle. The resolved sideband regime can be realized by
direct interaction with a narrow, most often dipole-forbid-
den, transition [129] optical RSR, or by using schemes that
give a narrow effective line in comparison with the natural
width of involved transitions, for example, Raman transitions
[130, 131] (Raman RSR). Mathematically, the cooling
process can be described as follows: after Doppler cooling, a
thermal distribution over vibrational sublevels is established.
The population of a specific sublevel can be found as

Pn � �nn

��n� 1� n�1 ; �21�

where the dimensionless parameter �n is the average vibra-
tional number. When exposed to a laser pulse tuned to the
first red sideband, the population of the level jni transfers to
jnÿ 1iwith the probabilityRn!nÿ1, and from the level jn� 1i
to jni with the probability Rn�1!n. Then, the new population
can be found as Pn ! Pn � Pn�1Rn�1!n ÿ PnRn!nÿ1, where

Rn!nÿ1 � sin2
�
On; nÿ1t

2

�
: �22�

Here, t is the pulse duration, optimally equal to p=On; nÿ1, and
On; nÿ1 is the Rabi frequency corresponding to the transition
between these vibrational levels. The general formula for the
dependence of the Rabi frequency for the transition between
different vibrational states is given by the Debye±Waller
coefficients [131]

On 0; n � O0 exp

�
ÿ Z 2

2

� �������
n<!

n>!

s
Z jn

0ÿnj L jn
0ÿnj

n<
�Z 2� : �23�

Here, O0 is the Rabi frequency of the atomic transition
without taking the contribution of vibrational states into
account, n> (n<) is the larger (smaller) of n 0 and n, and L a

n are
the generalized Laguerre polynomials

L a
n �X � �

XN
m�0
�ÿ1�m n� a

nÿm

� �
Xm

m!
: �24�

The dependence of the Rabi frequency of the carrier
transition, as well as of the first and second red sidebands,
on the level number n is shown in Fig. 13.

It can be seen that, for certain values of n, the Rabi
frequencies vanish. Thismeans that the cooling pulse does not
transfer the population to the lower levels, which would lead
to population accumulation at n 6� 0 and a decrease in the
efficiency and depth of cooling. The solution is to alternately
use pulses with a detuning of one or two vibrational quanta.
Theoretically, the achievable value of the average vibrational
number is given by

�n �
�

G
2or; z

�2�� ~Z
Z

�2

� 1

4

�
: �25�

Here, ~Z is the Lamb±Dicke coefficient for the decay, which
can differ from Z if the ion returns to the initial state via
auxiliary transitions. Finding the optimal pulse sequence is a
complex multiparameter problem [131, 132]. Often, a
sequence close to the optimal one can be determined
experimentally, using the reasoning that a pulse tuned to the
second red sideband does not excite the transition from the
vibrational level n � 1, and therefore is less effective at the
end of cooling.

By performing spectroscopy of the blue and red
resolved sidebands after cooling, the average vibrational
number can be determined from the ratio of the peak
intensities,

P red

P blue
� �n

�n� 1
; �26�

and from the dephasing of Rabi oscillations [133]. For many
ions, a value �n < 0:05 has been experimentally demonstrated
[131, 134±136].
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Figure 13. Dependence of relative Rabi frequencies for transition without

a change in vibrational state (blue curve), first (orange), and second

(green) red sidebands on the vibrational level number.
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The disadvantage of this method is that only one
vibrational mode is involved in the cooling process. Thus,
cooling all the modes of a long ion chain takes a significant
amount of time. There are ways to reduce this time by
parallel cooling of several vibrational modes [137]. How-
ever, a more attractive approach is cooling by the
electromagnetic-induced transparency method, where
modes are cooled simultaneously within a fairly wide
frequency range.

3.3.3 Cooling by electromagnetic-induced transparency
method. The idea of cooling by the electromagnetically
induced transparency (EIT) method is to create an
absorption profile such that events where the particle
loses vibrational energy are more probable than events
where it is absorbed. Such a profile can be created in a
three-level L scheme (Fig. 14). The achievable value of the
average vibrational number can be determined by the rate
equation method. It follows from (23) that the interaction
with the nth sideband frequency is suppressed by the factor
Z 2n. To a first approximation, one can consider only
carrier transitions as well as the first red and blue
sideband transitions, ignoring others. The carrier transi-
tions, accordingly, do not change the population of the
vibrational level, and for others, the coefficients of the rate
equations can be written as

Rn
n�1 �W �Dg� Z 2�n� 1� �W �Dg ÿ or; z� Z 2�n� 1� ;

�27�
Rn

nÿ1 �W �Dg� Z 2n�W �Dg � or; z� Z 2n ;

whereW �Dg� � Gree�Dg� and Dg is the detuning of one of the
cooling laser components from the resonance of the atomic
transition (see Fig. 14). They correspond to an absorption±
emission act with a return to the initial electronic state when
the vibrational number changes by 1: jg; ni ! je; n� �0; 1�i !
jg; n� 1i. For the population of the vibrational level, we can
then write

d

dt
Pn � Rn�1

n Pn�1 � Rnÿ1
n Pnÿ1 ÿ �Rn

nÿ1 � Rn
n�1�Pn : �28�

In this case, the change in the average vibrational number can
be found as

d

dt
�n �

X1
n�1

n
d

dt
Pn : �29�

At equilibrium, we obtain

�nf � W �Dg� �W �Dg ÿ n�
W �Dg � or; z� ÿW �Dg ÿ or; z� : �30�

It is evident that, if the conditions W �Dg ÿ or; z�4W �Dg�
andW �Dg ÿ or; z�4W �Dg � or; z� are satisfied, �n5 1.

With one of the beams taken to be a low-intensity probe
beam, the optimal parameters can be determined from the
condition

or; z � 1

2

�����������������
D2
r � O 2

r

q
; �31�

where Dr and Or are the detuning and the Rabi frequency for
the second laser component. The absorption profile can be

described by the function

W �Dg� �
�Dr ÿ Dg�2O 2

g G

a
��Dr ÿ Dg�2G 2 � 4

ÿ
O 2

r =4ÿ �Dr ÿ Dg�Dg

�2� ;
�32�

where a is the relative probability of decay to the state jgi.
Substituting (32) into (30) allows expressing the attainable
value of the average motional number in terms of the
detuning value and the transition width

�nf �
�

G
4Dr

�2

: �33�

As mentioned above, the advantage of this method is the
cooling of oscillatory modes in a wide frequency range.
Keeping the optimal parameters for a certain value of or; z

(the mode that needs to be cooled to the lowest tempera-
ture), we can use (32) and (30) to determine the cooling
depth for other values of secular frequencies (Fig. 15).

Considering that this method is implemented via strong
transitions, one can expect cooling to the level of �n < 1 for all
oscillatory modes in the range of several MHz.

EIT cooling has been successfully demonstrated for Ca�

ions with cooling depth �n � 0:01 [138, 139], Mg� ions
(�n � 0:04) [140], and Be� ions (�n � 0:3) [141]. For ions
with a more complex level structure, there are modifications
of this scheme, for example, double EIT cooling for the
171Yb� ion, first proposed by our group in [142] and
experimentally demonstrated in [143] with individual
modes cooled to �n � 0:04 and all modes in the 3-MHz
range, to �n < 0:54.

3.3.4 Sympathetic cooling. Not all ions have a suitable level
structure for the implementation of the above-mentioned
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Figure 14. Optimized absorption profile for cooling using EIT method.
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Figure 15. Dependence of cooling depth on ion oscillation frequency in

a trap using EIT method for a certain fixed set of laser beam

parameters.
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cooling schemes. In addition, the particle state is destroyed
during the cooling process, because the cooling cycle requires
spontaneous decays. Due to the Coulomb interaction, ions
continuously exchange kinetic energy with each other. In this
case, a decrease in the energy for one ion leads to a decrease in
the energy of the entire ion chain. Sympathetic cooling
consists in applying one of the laser cooling methods to one
or more ions to cool all ions in the chain. Sympathetic cooling
can be used for a homogeneous ion crystal [144], but more
often there are implementations with a chain of either two
isotopes of the same substance or ions of two different
substances [140, 145, 146]. In this case, there is no need for
individual addressing of particles, because the resonance
frequencies of the atomic transitions are different and the
global excitation does not affect the electron states of
sympathetically cooled ions. Sympathetic cooling is more
efficient in the case of similar ion masses [145]. A noticeable
difference in masses, although it increases the achievable
temperature limit, has a number of advantages, for example,
it allows detecting and compensating parasitic effects due to
micromotion [146].

Table 1 summarizes information on experiments on
cooling various ions, indicating the implemented cooling
methods and the best temperatures achieved in terms of
average vibrational numbers.

3.4 Readout of the ion states
Readout of qubit states is one of the most important
procedures in the operation of a quantum computer, and the
possibility of doing so is one of the DiVincenzo criteria. In
addition to registering the particle state at the very end of the
algorithm, a number of tasks also require mid-circuit readout
of qubit subregisters during the execution of the algorithm
(intermediate readout or mid-circuit measurement). Such
tasks include, for example, quantum error correction. Thus,
the fidelity of this procedure significantly affects the accuracy
of the answer produced by executing the algorithm, the
required number of task runs, and the possibility of error
correction.

The ion qubit readout is based on the electron shelving
[16]. To implement it, a strong cyclic transition is used,
coupling one of the qubit states j0i or j1i to an auxiliary
level jauxi. Often, this is the same transition that is used for
Doppler cooling. Without loss of generality, we assume that
this transition is j0i ! jauxi. Under the influence of radiation

in resonance with this transition, the qubit state is projected
onto one of the states of the computational basis. If the qubit
is projected into the j0i state, the ion starts scattering photons.
Otherwise, the particle does not fluoresce. The radiation
scattered by the ions is collected using high-aperture optics
and registered using a highly sensitive detector, with a spatial
resolution that allows individual particles to be detected. Such
a detector can be either a highly sensitive camera (EMCCD,
sCMOS, qCMOS) or an array of photomultiplier tubes
(PMTs), avalanche photodiodes, or superconducting detec-
tors. Analysis of the number of photons registered from each
ion allows distinguishing between the j0i and j1i states of each
particle.

The main characteristics of the readout procedure are its
speed, the dead time between two successive registration
procedures, and fidelity. The speed and the dead time
become critical in the case of mid-circuit measurements,
because qubits can decohere during the readout or dead
time for the detector to recover. The typical readout duration
for ions is about 40±5000 ms [7, 53, 150] and is limited by the
quantum efficiency of the detectors, the efficiency of radia-
tion collection, as well as parasitic illumination and dark
noise. The current record readout speed is 46 ms with a
resulting fidelity of 99.91% on the 9Be� ion [150]. Dead time
is a limiting factor only due to the operation characteristics of
chameras when these are used. The detection fidelity is
affected by both technical factors such as stray light, dark
noise of the detector, and fundamental limitations associated
with parasitic population pumping between qubit states
during readout [151], and spontaneous decay of one of the
qubit states. Typical readout errors in commercially available
devices are now of the order of 10ÿ3 per ion [7, 152, 153], while
the record readout fidelity is 99.991% [154] for the 40Ca� ion.

The detection speed and fidelity can be improved in
various ways. For example, to improve fidelity, not only can
information on the number of registered photons during the
readout time be used, but so can their spatial and temporal
distribution.Another promising direction is the integration of
superconducting detectors directly into chip traps [155],
which allows a significant increase in the efficiency of photon
collection and improves the scalability of the system.

Qudits can be read out similarly to qubits; the implemen-
tation requires several stages. The first step is the same as
reading out a qubit, and if fluorescence occurs, then the ion is
considered to be registered in the state j0i. If fluorescence does
not occur, the population of the state j1i is transferred to the
fluorescent state using the corresponding single-qudit opera-
tions, and the process is repeated. If fluorescence occurs, the
ion is measured to be in state j1i. Otherwise, a similar
procedure is repeated for the level j3i and all subsequent
ones except the last one, whose population can be determined
from the normalization condition. An example of such a
procedure is considered in more detail in Section 5.1.

4. Implementation of quantum gates with
trapped ions

One of the requirements for a universal quantum computer is
the ability to implement an arbitrary unitary operation on a
quantum register in any quantum state (hence the term
`universal'). However, each such operation can be decom-
posed into a finite product of gates from the so-called
universal set [156] of a much smaller size, and therefore the
presence of these gates in the system ensures, in theory, that

Table 1. Implemented cooling methods for ions used in quantum
computing.

Ion Cooling method Best result (hni) References

Yb� Raman RSC,
optical RSC, EIT

hni � 0:04 [143]

Ca� Raman RSC, EIT hni � 0:01 [135]

Be� Raman RSC hni � 0:01 [134]

Ba� Raman RSC,
Optical RSC, EIT

hni � 0:03 [147]

Sr� Optical RSC hni � 0:13 [136]

In� Sympathetic cooling hni � 0:30 [148]

Mg� Raman RSC,
sympathetic cooling

hni � 0:03 [146]

Al� Sympathetic cooling hni � 0:03 [149]
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any quantum algorithm can be executed. For example, such a
set can contain all of the one-qubit gates together with one
two-qubit CNOT gate, which is discussed in Section 4.3.1.
Usually, the full set of one-qubit operations does not present
any particular diféculty in implementation, because the
parameters of these operations can be varied continuously
over a wide range by the control electronics, and the quality of
such gates does not dependmuch on these parameters. On the
other hand, ensuring high édelity of two-qubit gates is much
more difécult and has been the subject of intensive research
for a long time. The requirement of only one native two-qubit
gate in the universal set signiécantly simpliées the task,
because it allows one to focus on optimizing the édelity of
only the selected two-qubit operation when building a
quantum computer.

4.1 Methods for implementing quantum operations
The type of quantum operation performed in a trapped-ion
quantum computer depends on the internal electronic states
in which the qubit is encoded. For a qubit realized onhyperfine
components of the ground state, there are two manipulation
methods: direct application of a microwave field with a
frequency of about 1±10 GHz or stimulated Raman interac-
tion with a laser field in the optical range (100±1000 THz). For
an optical qubit, control is obviously performed by a laser field.
We briefly describe each of the interactions and discuss their
principal advantages and disadvantages.

Microwave gates. The idea of a microwave gate is the
direct action on the ion by microwave radiation whose
frequency coincides with or is close to the hyperfine splitting
between the qubit states. The source of such radiation can be
either a separate horn antenna far from the ions, or one of the
electrodes of the trap itself, or special current-carrying wires
located near the ions and providing near-field interaction
[157]. Transitions between qubit levels in this setting are
magnetic dipole, and therefore the most important character-
istic of the wave is its magnetic field. Regardless of the type of
source, the microwave field in the context of ion computing
has an obvious drawback: the wavelength ismuch longer than
the characteristic distance between ions, which makes
individual addressing impossible. Errors from parasitic
interactions with spectator neighboring ions is too large
unless additional measures are taken. This problem can be
circumvented by introducing a sufficiently large gradient of
the static magnetic field, which separates the transition
frequencies due to the Zeeman effect [158]. Another way to
circumvent the addressing problem is to physically move the
target ions into the region of high field amplitude using
electronics, while spectator ions remain far from it. This
method only works in the case of near-field sources.

The advantage of microwave gates is the lower (compared
to laser gates) complexity in ensuring the stability of the
frequency of the generator creating the field. High-precision
commercial microwave generators are capable of attaining an
error of several millihertz, providing a long qubit coherence
time.

Raman gates. Gates on the Raman interaction operate
due to the coupling of qubit levels j0i and j1i by two laser
beams via some intermediate level jei (Fig. 16). Convention-
ally, this intermediate level has a parity different from that of
the qubit states, and hence electric dipole transitions between
them are allowed. The frequency difference between the
beams is close to the qubit splitting frequency, and the
detuning D from the intermediate level is chosen to be large

(1±100 THz), such that the photons of the laser field do not
scatter due to resonance fluorescence, which would deterio-
rate the fidelity of operations. The interaction of a three-level
system of a qubit and an additional level with such a pair of
beams can be reduced in some approximations to the
interaction of only the qubit system with a fictitious wave
whose frequency is equal to the frequency difference among
the waves in the beams, i.e., close to the qubit frequency, and
the wave vector is equal to the difference between their wave
vectors. If the beams are noncopropagating, the difference
between the wave vectors can be quite large. As we show in
Section 4.3.2, the magnitude of the wave vector characterizes
the magnitude of the effect on an ion's motional degrees of
freedom, which directly affects the speed and fidelity of two-
qubit operations. The above-mentioned microwave gates do
not work without a magnetic field gradient, because the
coupling of the wave with ion motion is very weak due to
the small wave vector, but such a problem does not occur in
the case under consideration. Another advantage of Raman
gates is the ability to individually address ions by focusing the
radiation on the target ion (ions), which is much easier to
achieve in the optical range. High stability of the beam
frequency difference is guaranteed by the high stability of
the generators driving the optical modulators, and the laser
central frequency does not greatly affect the fidelity due to the
high detuning from the levels. However, this system is not
without its drawbacks. First, a large detuning requires a high
laser power, and lack thereof would slow down the operations
and increase their errors. Second, inmost systems, the Raman
beams are not copropagating, and hence any changes in the
optical path difference of the beams would change the phase
of the field at the ion's position, which can worsen the
operation. In addition to active methods for correcting these
errors [159], there are also methods for increasing the
robustness of gates to Raman phase fluctuations [160], but
this problem is present and complicates the setup of the
system.

Optical gates. Similarly to microwave gates, optical gates
involve interaction with the éeld whose frequency is close to
the qubit frequency. In this case, the qubit is based on an
optical transition, and hence a laser with the wavelength
corresponding to the transition is sufécient to excite it. Here,
as in the case of Raman gates, individual addressing of ions,
as well as interaction with the vibrational degrees of freedom
of ions, does not present any problems. The power required to
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Figure 16. Schematic diagram of a Raman gate. O1 and O2 indicate laser

beams that serve to couple qubit levels.
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perform the operations is signiécantly less than for Raman
gates. However, the absolute value of the phase noise of the
laser is higher than that of the microwave generator, which
reduces the qubit coherence time and also affects the édelity
of the operations. Systems with an optical linewidth of about
1Hz (sufécient to control a qubit with a lifetime of� 1 s) exist
and are widespread, but such stability is opposed by
signiécant complexity and the increased cost of the setup
[159].

4.2 Single-qubit and single-qudit gates
In this section, we consider single-qubit operations, i.e.,
operations performed on one individual ion. Most often,
native single-qubit operations in ions are rotation operations.
It is convenient to visualize the action of rotation operators as
rotations on the Bloch sphere. The Bloch sphere is a
representation of a single-qubit state (Fig. 17). An arbitrary
qubit state can be written in the form

jci � cos

�
y
2

�
j0i � exp �if� sin

�
y
2

�
j1i ; �34�

where y is the polar angle and f is the azimuthal angle.

4.2.1 Single-qubit operations. Rotations are usually divided
into two types, which differ in their effect on states and their
experimental implementation. Operations of the first type
change the populations of states, while those of the second
type only change the relative phase between them. The first
type of operation is the rotation Rf�y�:

Rf�y� � exp

�
ÿ i

y
2
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ÿi exp �ÿif� sin

�
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2

�
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2

�
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1CCA;
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where sf � cos �f�sX � sin �f�sY. The notation is taken
from Nielsen and Chang's book [156]. Here, we use the
classic notation for the Pauli matrices:

sX � 0 1
1 0

� �
; sY � 0 ÿi

i 0

� �
; sZ � 1 0

0 ÿ1
� �

:

�36�

The rotation axis is in the equatorial plane, and its direction
relative to the x-axis is determined by the angle f. The angle y
determines how much the state rotates about the axis. For
example, Rf�0�p=2� specifies a rotation about the x-axis
through p=2. For standard rotations about the x- and y-axes,
the following notation is adopted: Rx�y� � Rf�0�y� and
Ry�y� � Rf�p=2�y�. The effect of Ry�p=2� on the Bloch
sphere is shown in Fig. 18.

There are different ways of performing the quantum
operations that were discussed in Section 4: microwave,
Raman, or optical gates. Single-qubit rotations Rf�y� are
realized using resonant Rabi oscillations, when the radiation
frequency coincides with the qubit transition frequency (17).

The tilt angle of the rotation axis is determined by the
initial radiation phase f, and the rotation angle y is given by
the area under the O�t� graph. In the simplest case of a
constant Rabi frequency, the rotation angle is y � Ot, where t

is the pulse duration. Therefore, adjusting the pulse duration,
field phase, and laser power allows implementing an arbitrary
rotation Rf�y�.

The second type of single-qubit operation is Rz�y�:

Rz�y� � exp

�
ÿ i

y
2
sZ

�
� exp

�
ÿ i

y
2

�
1 0
0 exp �iy�

� �
:

�37�

The Rz�y� rotation does not change the population of states,
because the operator matrix is diagonal. The operator Rz�y�
can be viewed as the addition of a phase y to the state j1i. For
example, the operator Rz�p=3� rotates the state about the
z-axis through p=3; its action on the Bloch sphere is shown in
Fig. 18.

In the case of qudits, the operator Rj
z�y� that adds a phase

to the state j j i is used:
Rj

z�y� � exp �iyj j ih jj� : �38�

There are two ways to perform the rotationRj
z�y�: virtual and

real. Real rotation consists in applying a field that is tuned far
from resonance and causes a Stark effect on the lower state.
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Figure 17.Visualization of arbitrary state jci on Bloch sphere. North pole

corresponds to state j0i, and south pole, to state j1i.
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Figure 18. Example demonstrating action of single-qubit rotations. Bold

arrow shows position of qubit on Bloch sphere before and after the

operation. Light arrow shows axis about which rotation occurs. Type of

rotation is written at top right.
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This type of gate is called real because the rotation is realized
by applying a field in a finite time.

A virtual method for effecting Rj
z�y� is to rotate the

coordinate system around the qubit state. This method was
originally proposed for superconducting qubits [161] but is
now used on all platforms.We consider the special case of the
rotation R 1

z �y� of the first state j1i, which is equivalent to
Rz�y�. Instead of rotating the qubit state through the angle y,
we can rotate the x- and y-axes through the angle ÿf. When
executing the Rf�y� gate, the direction of the f-axis is
controlled by the initial phase of the field. Therefore,
rotating the x- and y-axes is equivalent to changing the
phase of all fields involved in subsequent operations, both
single-qubit and two-qubit, byÿf. Changing the initial phase
of the laser/microwave field can be done almost instanta-
neously, and hence virtual gates have zero duration and are
much more efficient than real rotations about z-axis.

4.2.2 Single-qudit operations.The basic principles of executing
quantum operations do not change whenmoving from qubits
to qudits. Although a qudit cannot be visualized using aBloch
sphere, the notation for single-qudit operations was inherited
from single-qubit operations.

In qudits, there is a rotation Rjk
f �y�,

Rjk
f �y� � exp

�
ÿ i

y
2
s jk
f

�
; �39�

similar to the rotation Rf�y�, which is performed in the
subspace of two levels j j i and jki. The implementation of
this operation consists of a resonant excitation of the
transition between two levels, everything else being similar
to the qubit case. The operator Rj

z�y� is independent of the
qudit dimension, because it is carried out at one level. The
implementation is similar to the qubit case.

To create a universal quantum qudit computer, it is
necessary to be able to execute an arbitrary rotation Rjk

f �y�
between any levels j j i and jki. However, in an experimental
setup,most often not all qudit states are directly connected. In
what follows, by the qudit topology we mean a graph whose
vertices are the qudit states. If it is possible to excite a
transition between two levels, then these two vertices are
connected by an edge. The topology is directly related to how
the qudit is encoded (see Section 3.1 for details on various
encoding methods).

For example, we consider the qudit topology in [115],
where the qudit consists of 13 levels. In that setup, the state j0i
is chosen in the ground term 2S1=2, and the excited states are
chosen among the hyperfine structure of the 2D5=2 level. The
excited states are not directly coupled to each other by a
microwave field. In [115], all gates are optical, i.e., they are
executed between the ground state j0i and any other state j j i
using a laser at a wavelength of 1762 nm. The topology where
one level is coupled to all the others is called the star topology.
Such a topology of qudit levels is used in our work with
ququarts [66, 72]. Blatt's group [121] used a double star
topology, where two levels are connected to all others, and
work on the two-qudit entangling operation [162] used a star
topology. The star topology is often the simplest to imple-
ment, because it requires only one laser, which can be tuned in
a large frequency range, so as to couple to all excited qudit
levels from the Zeeman structure. The fully connected
topology, despite its advantages in terms of the efficiency of
algorithm execution, is usually not encountered in practice
due to the technical complexity of implementation.

4.2.3 Characterization of single-qubit operations. The term
fidelity is used to characterize the quality of a quantum
operation. The fidelity F of an operation is understood as a
measure of how close the action of a real operation on a state
is to the expected one. The fidelity is always between 0 and 1.
If the operationwas performedwithout errors, the fidelity is 1.
The closer the fidelity is to 1, the more accurate the operation
is and the less susceptible the quantum computer is to errors.

There are many ways to determine the fidelity of
operations, including single-qubit ones, such as quantum
tomography [163, 164], randomized benchmarking [165], or
cross-entropy benchmarking [166]. Tomography involves
initializing the quantum register to certain initial states,
performing the operation, and then measuring in different
bases. A series of measurements allows reconstructing the
process channel. However, the disadvantages of tomography
are that the result is affected by the auxiliary operations used
in this procedure and the preparation and readout errors
(SPAM), and also the exponential growth of the number of
measurements with the number of qubits involved. Never-
theless, a number of approaches have been proposed that
allow at least a partial solution to the tomography problems,
such as gate set tomography [167]. Randomized and cross-
entropy benchmarking, in turn, are based on running random
chains of a certain type with different lengths on a quantum
computer. From the dependence of the average accuracy of
reconstructing the expected probability distributions of out-
put states on the chain length, one can draw a conclusion
about the fidelity of the operations. These methods scale
significantly better to large systems and allow simultaneously
taking SPAM errors into account, but provide less informa-
tion about the process compared to tomography.

In addition to fidelity, important characteristics of any
gate are its duration and parasitic effect on other qubits in the
register. The depth of chains that can be run on a particular
processor is limited by the coherence time of the system.
Reducing the time of one operation allows performing a greater
number of operations in one quantum chain. The characteristic
duration of a single-qubit operation on ions is of the order of
several ms or tens of ms. There are also ultrafast gates that were
executed in 25 ps [168] with a fidelity of 99%.

The durations and fidelities of single-qudit operations
achieved to date are shown in Fig. 20. The record-breaking
fidelity of a single-qubit operation was achieved by Lucas's
group [169] on a microwave qubit in a 43Ca� ion using a
microwave antenna. In the work of the same group in 2023,
microwave single-qubit operations on two ionswith addressing
without using a laser field were demonstrated [110]. In that
paper, composite gates were used (further details about them
are given in Section 4.2.4). The stars in the graph show the
results of single-qudit rotations achieved on an ion computer
developed in Russia within the Roadmap framework.
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Figure 19.Qudit topologies (using a ququint as an example, d � 5). (a) Star

topology [66, 115, 162], (b) double star topology [121], (c) fully connected

topology.
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4.2.4 Composite single-qubit pulses. The fidelity of quantum
operations can be increased not only by improving the quality
of the quantum gates themselves but also by specially
constructing quantum chains that are significantly less
sensitive to certain errors in the operations. In this section,
we consider composite single-qubit operations that are
composed of several gates and are less sensitive to certain
types of noise.

Composite pulses were once proposed in nuclearmagnetic
resonance (NMR) protocols to suppress systematic errors but
then found application in quantum information. The simplest
example of a composite gate is the spin echo sequence [177],
which consists of using a p-pulse to suppress phase noise. The
spin echo method was actively used in NMR and is now used
to suppress errors in two-qubit operations. For example, spin
echo is effectively used in the LS gate [28, 178], which is
discussed in more detail in Section 4.3.

Another example is composite gates that suppress
amplitude errors. Amplitude errors are those in the rotation
angle y of the single-qubit rotation Rf�y� from formula (35).
They arise due to fluctuations in the amplitude of the field
used to excite the transition, or due to an incorrectly
calibrated pulse duration. The best-known schemes of
composite single-qubit operations are the so-called BBn
[179], SKn [180], PDn [181], and SCROFULOUS [182]
sequences, which are used to suppress nth-order amplitude
errors. First-order schemes are typically used, because, with
an increase in the order of the scheme, along with the
efficiency of suppressing amplitude errors, the total duration
of the gate also increases. Therefore, when using higher-order
schemes, the gain due to amplitude error suppression often
starts being offset by the system decoherence during the
operation. As an example, we discuss the SK1 scheme. It
consists of performing a sequence of operations
Rf�fSK

�2p�RfÿfSK
�2p�Rf�y�, where fSK�y� is calculated

based on the desired rotation angle y.
Another important feature of using composite gates is

that some of these schemes, in addition to amplitude errors,
allow suppressing crosstalkÐ the parasitic effect of the gate
on other qubits in the register. When performing optical
gates, the laser beam has a finite waist size, and hence the
field partially affects other ions, which causes crosstalk.

Crosstalk is also present for one reason or another when
using microwave qubits. The SK1 scheme suppresses the
influence of the gate on the ion at which the field amplitude
is close to zero, which significantly reduces crosstalk.

There are also CORPSE sequences for suppressing the
error of the transition detuning from resonance [179, 182] and
generalized sequences that suppress both sources of error
[183]. In all the above sequences, errors are assumed to be
constant in time, i.e., the same for all gates of the same type.
To suppress time-dependent errors, dynamically corrected
gates (DCGs) are used [184±186].

Composite pulses have been demonstrated on ions
experimentally and showed better fidelities than single
pulses do. For example, in Lucas's 2023 paper, composite
microwave pulses are used to suppress crosstalk [110]. The
PD6 and BB1 sequences were used to improve the fidelity of
the Raman gate [187], with the composite pulse error being
one third that of the single pulse error. Dynamically
corrected pulses were demonstrated experimentally, con-
firming the improvement in results when using the filter
function [188].

4.3 Two-qubit gates
For a two-qubit gate to be implemented on two different ions,
some interaction between them is required. This fact is
obvious if we represent it in the language of quantum
mechanics as follows. A two-qubit gate belonging to a
complete set must be entangling, i.e., not representable as a
tensor product of one-qubit operators. This means that the
Hamiltonian leading to such an evolution operator must
affect the degrees of freedom of both ions, i.e., be an
interaction Hamiltonian.

In most modern ion systems, common motional modes of
the ion chain in the trap are used as the interaction
mechanism. The main reason for this choice is the ability to
ensure full connectivity of qubits, regardless of the distance
between them in the chain. Indeed, eachmotional mode is not
a localized oscillation of certain ions, but a coordinated
motion of all ion simultaneously, and hence the excitation of
one or more of them changes the state of both ions considered
for the operation. In this regard, common motional modes
can be thought of as a quantum bus through which the
interaction is transmitted from one ion to another. Below,
we describe the best-known types of two-qubit gates on
motional modes and the main achievements in their imple-
mentation, and also discuss the pros and cons of each
approach.

4.3.1 Cirac±Zoller gate. The first implementation of a two-
qubit operation on ions was the gate proposed in 1995 by
Cirac and Zoller [15]. This gate was of great importance for
the field of ion quantum computing, because it was the
missing key piece for the direct physical implementation of
an ion quantum computer in terms of the DiVincenzo
criteria [189] and gave rise to a vigorous development of
this field.

The gate works as follows. The quantum state of the
entire ion chain is specified by all internal electron states of
the ions, as well as the vibrational states of each common
vibrational mode. The system of levels relevant for the gate
on the selected ions A and B can be equivalently
represented as a set of electron states, each of which is
superimposed with a `ladder' of vibrational levels of the
oscillator (Fig. 21). The basis state of the system of two ions
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can be written as jxAxB; ni, where xA and xB are the
electronic qubit states of the ions, and n is the occupation
number of the vibrational mode (here, one mode is
considered). Before the gate starts, the mode is cooled to
the ground vibrational state n � 0, then a three-stage
sequence of actions is performed:

1. A laser pulse with a frequency lower than that of the
qubit transition by exactly onemode frequency is sent to ionA
(the so-called red sideband). As can be seen from Fig. 21, such
a pulse couples the states j1AxB; 0iÿ j0AxB; 1i; all other initial
states remain unchanged due to the absence of resonant
interaction. The duration and power of the pulse are such
that, if successful, the entire population is transferred from
one level to another, i.e., a p-pulse is realized.

2. A 2p-pulse is performed on the B ion on the red
sideband between j0Bi and jeBi, which is an auxiliary level
with the allowed transition to j0Bi. At this stage, only the state
jxA0B; 1i is affected, and applying a 2p-pulse does not change
the population of the state; only the sign of the wave function
changes.

3. Step 1 is repeated, returning the vibrational state of the
chain to the initial one, and hence only the internal states of
the ions change after the gate is implemented.

The above steps can be represented in the form of the
following truth table (taking the phase p=2 due to each
p-pulse into account):

ÿ!�1� ÿ!�2� ÿ!�3�
j0A0B; 0i j0A0B; 0i j0A0B; 0i j0A0B; 0i
j0A1B; 0i j0A1B; 0i j0A1B; 0i j0A1B; 0i
j1A0B; 0i ij0A0B; 1i ÿij0A0B; 1i j1A0B; 0i
j1A1B; 0i ij0A1B; 1i ij0A1B; 1i ÿj1A1B; 0i

:

The matrix of this operator is

UCZ �
1 0 0 0
0 1 0 0
0 0 1 0
0 0 0 ÿ1

0B@
1CA ; �40�

which corresponds to the matrix of the control±phase (CZ)
gate. The transition to the CNOT gate is easy to make using

the one-qubit Hadamard gateH [156]:

UCNOT � �1
H �UCZ�1
H � �
1 0 0 0
0 1 0 0
0 0 0 1
0 0 1 0

0B@
1CA : �41�

The fidelity of a two-qubit quantum operation can be
estimated as the fidelity of the preparation of some entangled
state. This approach is much easier to implement in practice
than the tomography or randomized methods described
above and is often used in ion quantum computers, especially
due to the relatively low speed of these devices and the
resulting complexity of performing a large number of
measurements required for characterization. In the simplest
case of a pure state, the fidelity of the state preparation can be
defined as

F � ��hc0jci
��2 ; �42�

where jci is the actual final state and jc0i is the ideal final
state of the quantum register for a given initial state. The
physical interpretation of expression (42) is clear from the
probabilistic meaning of the wave function: fidelity is the
probability of obtaining the target state from a given initial
state. For the mixed state with a density matrix r, the fidelity
is

F � hc0jrjc0i : �43�
In practice, fidelity is measured in two steps. The first consists
in measuring the populations of the states of the two-qubit
subsystem after implementing the gate without modifica-
tions, thereby obtaining the diagonal elements of r. The
second step is similar to the first but involves additional
analysis pulses, which allows determining the off-diagonal
elements of r [39].

The first experimental confirmation of the possibility of
implementing the Cirac±Zoller gate was demonstrated in
2003 by Blatt's group [32]. They used an optical qubit in the
40Ca� ion at a wavelength of 729 nm, and the gate itself was
realized on a chain of two ions. They used a higher-frequency
axial mode where the ions oscillate out of phase (the so-called
breathing mode). The gate fidelity in this experiment was
F � 0:71�3�.

Despite its importance in the history of ion quantum
computing, the Cirac±Zoller gate is not used in practice in any
modern system. The main reason is the stringent requirement
of cooling the chain to the ground vibrational state. Efficient
cooling methods giving average occupation numbers n < 0:1
had been considered previously [138, 143, 190±192], but such
methods are quite complex to implement and do not scale well
to longer ion chains due toweaker coupling of the radiation to
the sidebands and due to high heating rates [193]. In addition,
for long chains, the axial frequency must be very small (see
Eqn (11)), which makes the gate slow. An attempt to use a
gate on radial modes suffers from the problem of having a
large number of closely spaced modes (see Fig. 5), which
increases the probability of nonresonant parasitic interac-
tions with nontarget modes.

4.3.2 Gates on a spin-dependent force. One of the reasons why
the Cirac±Zoller gate requires cooling the chain to the ground
vibrational state is that, during its operation, the entire
population is transferred to a specific vibrational level
resonantly. To ensure stability against ion temperature,
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another type of gate is needed, which uses vibrational states
not directly, but virtually, i.e., as intermediate ones. This class
of ion gate is called gates on spin-dependent force and is
described below.

The basic idea of spin-dependent force gates is to apply
bichromatic laser radiation (radiation with two frequency
components) to the ion chain, which drives forced oscilla-
tions of a certainmode with a phase dependent on the internal
state of the ion (hence the term spin-dependent force). Under
certain conditions, if several ions are illuminated, their
internal states are entangled at the end of such an interac-
tion, and the vibrational states return to the initial ones. This
is the main advantage of such gates. The two most common
configurations are described below.

Mùlmer±Sùrensen (MS) gate. A gate proposed in 1999 by
Mùlmer and Sùrensen [27] uses bichromatic components
detuned from the main electronic transition by a frequency
�m that is close to the vibrational frequency of the mode.
Accordingly, the average frequency of such components is
equal to the transition frequency, 2o0 � or � ob, whereo0 is
the qubit frequency, or is the lower of the laser frequencies,
and ob is the higher one. When two ions in a chain are
illuminated, this field provides a Raman-type transition
between states j00; ni $ j11; ni via intermediate states with a
changed vibrational number, as shown in Fig. 22. Under
certain relations between the gate time, the detuning, and the
laser power, entanglement of the electronic states of the ions
can be ensured by terminating such a Raman process `in the
middle,' without vibrational degrees of freedom being
excited.

The effective Hamiltonian of the interaction of two ions
with a laser field in this formulation has the form [194]

ĤMS � ÿ
X
j�1; 2

�hZj Oj cos
ÿ
mt� f� j �M

� ÿ
â exp �ÿiot�

� â y exp �iot�� ŝ� j �f ; �44�

where Oj is the Rabi frequency of the laser field acting on a
given ion, â and â y are the ladder operators of the vibrational
mode,o is its frequency, and Zj is the Lamb±Dicke coefficient
of the jth ion. The remaining quantities are expressed in terms
of the phases of the bichromatic components f �j �r and f �j �b as

f � j �M � f � j �r ÿ f � j �b

2
; f� j �S �

f � j �r � f � j �b

2
;

ŝ � j �f � ŝ� j �x sinf � j �S � ŝ � j �y cosf � j �S : �45�
In the leading order, the evolution under such a Hamiltonian
is effected by the operator [178]

ÛMS � D̂�aŜ � exp �2iwŝ �1�f ŝ �2�f � : �46�

Here, D̂ is the displacement operator in the phase space of the
vibrational mode. The eigenvalues of Ŝ have different signs,
depending on the electronic state. Accordingly, for two
eigenstates with opposite eigenvalues, the displacements are
the same in magnitude, equal to jaj, but opposite in sign
(Fig. 23), which is a consequence of the spin dependence of the
force. The phase w is called the entanglement phase and serves
as the main parameter of the gate, because it determines the
degree of quantum entanglement of the two states. It can be
shown [39] that this phase is proportional to the area swept by
the radius vector of the displacement trajectory on the phase
plane (Fig. 23). A necessary condition for the correct

operation of the gate is the complete closure of the phase
trajectory, so as to have a � 0 and D̂ � 1. In this case, for
example, the initial state j00i with w � p=8 and with a certain
choice of qubit phases gives rise to the maximally entangled
Bell state

jc0i �
j00i � ij11i���

2
p : �47�

The full form of the MS gate matrix with this w is

UMS � 1���
2
p

1 0 0 i
0 1 i 0
0 i 1 0
i 0 0 1

0B@
1CA : �48�

This matrix can be reduced to CNOT by one-qubit opera-
tions, which allows using this gate in the complete set.

Light-shift gate. Another gate, called the light-shift (LS)
gate, operates similarly to theMS gate described above. In its
simplest formulation, it is based on coupling one qubit state
to some intermediate upper level by bichromatic radiation
(Fig. 24). The difference between the bichromatic compo-
nents is close to the mode frequency, and hence the ion is
subject to the Stark effect, oscillating with the frequency of
the mode (hence, `light shift' in the name). The Stark effect
results in the force exerted by the field oscillating with the
same frequency, but only when the ion is in a state coupled to
the intermediate one, while, in another qubit state, the
radiation does not lead to the Stark effect. This is possible in
two cases: either the detuning from the intermediate level is
much smaller than the qubit transition frequency, and the
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second state is then far from resonance, or the qubit and the
radiation polarization are chosen such that one of the
transitions is forbidden by selection rules.

Thus, the configuration described above leads to a spin-
dependent force that entangles states in a manner similar to
the MS gate. The difference is in the form of the evolution
operator

ÛLS � D̂�aŜ � exp �2iwŝ �1�z ŝ �2�z � : �49�
Instead of the product sf 
 sf, the exponent contains the
product sz 
 sz. When choosing w � p=8, the gate matrix
becomes

ULS �
1 0 0 0
0 ÿi 0 0
0 0 ÿi 0
0 0 0 1

0B@
1CA : �50�

This matrix can also be reduced to CNOT by one-qubit
rotations. The LS gate can be considered equivalent to the
MS gate, but in a rotated basis.

Comparison ofMS andLS gates.Although the LS andMS
gates are mathematically equivalent, the practical implemen-
tation of each of them can be completely different for physical
reasons or depending on the details of the experiment. For
example, the LS gate in the above-described setting is much
easier to implement on an hyperfine qubit. The frequency of
such a qubit is low enough to use a single laser source and
change its spectrum using modulators by implementing one-
qubit and two-qubit operations. In an optical qubit, the qubit
transition wavelength is very different from the LS gate
radiation wavelength. For the correct operation of a
quantum computer, phase matching at the specified wave-
lengths is necessary. Such matching is possible in principle,
but it requires at least an optical comb [195], which
significantly complicates the setup. The MS gate, in turn, is
explicitly implemented with the same laser sources that are
used in one-qubit operations, with only minor modifications
to their spectrum. In addition, the difference among the Stark
shifts of the qubit levels leads to an additional shift in the one-
qubit phases during the gate execution. Such a phase affects
all subsequent quantum operations, which means that the
quality of the algorithm is sensitive to laser power fluctua-

tions. In the MS gate, with equal beam powers, this effect is
absent.

It is worth noting that, for an optical qubit, there are
variants of two-qubit operations that are similar to the LS
gate and allow overcoming the problem of using several laser
sources [178], but they have slightly worse parameters in
comparison to the MS gate. These parameters include the
required radiation power and the ratio of the strength of the
useful coupling ensuring entanglement to the parasitic one,
which reduces the fidelity of the operation.

We also note that, due to the equality of the polarizabil-
ities of the states of a hyperfine qubit with a zero projection of
the magnetic moment (clock transition states), it is impossible
to implement an LS gate on such a qubit. To implement an LS
gate at hyperfine levels, one has to select magneto-sensitive
states [196, 197], which affects the fidelity of operations due to
magnetic field fluctuations. TheMS gate does not have such a
limitation.

In addition to the above-mentioned disadvantages of the
LS gate compared with the MS gate, there are a number of
advantages. First, for a hyperfine qubit, the optimal geometry
of bichromatic components corresponds to an antiparallel
scheme (Fig. 25) in both cases (LS and MS). Consequently,
the effective Lamb±Dicke parameter is twice that of a single
beam, which allows using less optical power for the same gate
time or reducing the time at a fixed power compared to a
single modulated beam. In such geometry, the LS gate
requires laser modulation at the motional mode frequency,
i.e., of the order of several MHz, which does not cause
difficulties due to the wide availability of optoelectronics at
these frequencies. If the MS gate is implemented in the same
configuration of antiparallel beams in order to increase the
effective Lamb±Dicke parameter, then modulation at the
level of several GHz is required to ensure the Raman
interaction.

Second, theMS gate, in contrast to theLS gate, in addition
to interactions on the red and blue sidebands, involves
interaction at the carrier frequency, and hence the transition
between qubit levels is excited nonresonantly without chan-
ging the vibrational number. It is evident from Fig. 22 that, if
the Rabi frequency of one of the bichromatic beams is
comparable to the mode frequency o, then there is a
substantial probability of transitions jx0; ni $ jx1; ni and
j0x; ni $ j1x; ni, where x 2 f0; 1g. These transitions degrade
the fidelity of the operation, because they do not involve the
motional modes through which entanglement between ions is
transmitted. In theLS gate, due to the large difference between
o and the qubit frequency o0, such an effect is absent.

Third, the LS gate, by design, has no dependence of the
gate parameters on the optical phases of the lasers [160]. This
fact plays an important role when executing long sequences of
gates, which can lead to slow drifts experienced by the phases.
These drifts do not affect the LS gate if they are small on the
scale of its duration, and the influence of phase fluctuations
from gate to gate or from sequence to sequence is suppressed
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Figure 24.LS gate setup. Bichromatic frequency difference is m � o, where
o is mode frequency. Detuning D is large compared to j1i $ jei transition
width and compared to laser Rabi frequency for this transition.
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in such a setup. There are ways to suppress the influence of
fluctuations for MS gates as well [160, 178], but such schemes
require either a change in the geometry of the beams, which is
not always possible, or additional compensating pulses,
which lengthens the sequence.

Experimental implementations. The two main qualities of
two-qubit operations, which are given primary attention, are
the gate time and fidelity. For ions, it is also important to
mention the chain length on which the gates are executed,
because, for larger arrays, the gates are worse and slower on
average. The spin-dependent force gate was first implemented
earlier than the Cirac±Zoller gate, namely, in 2000 by
Monroe's group [198]. The gate was implemented on ber-
yllium ions 9Be� with a qubit realized on the hyperfine
sublevels of the ground state with a splitting of 1.25 GHz.
The frequency of the selected mode (breathing mode) was
8.8MHz. In the original paper, not only a two-qubit but also a
four-qubit MS gate was implemented, which works similarly
to a two-qubit gate, with the difference being that all four ions
in the chain are illuminated. The respective fidelities obtained
in the experiment were 0.83 and 0.57 for two and four ions. A
variant of the LS gate, also called the geometric phase gate, was
first implemented by Wineland's group in 2003, also on
beryllium ions [39]. The qubit hyperfine sublevels were chosen
in such a way that the average Stark shift of both levels could
be made the same by choosing a specific laser field polariza-
tion.At short times, the force exerted by the beams depends on
the ion's internal state. The chain consisted of two ions, and
the mode frequency was 6.1 MHz. The gate time was 39 ms.
The authors managed to achieve a fidelity of 0.97 in this
experiment, which was significant progress in the field at that
time.

Presently, there is a fairly large set of implementations of
the described gates with high fidelity and a fairly short
duration. The highest fidelity values were obviously obtained
in laboratory conditions on very small systems not intended
for carrying out quantum algorithms. Nonetheless, there are
large-scale ion quantum processors whose fidelity is notmuch
worse. For example, the latest commercially available version
of the recently created H2 computer [6] by Quantinuum has
56 qubits with full connectivity and a minimum fidelity of
0.997 for all-pairs two-qubit operations [153]. Another
company, IonQ, has been providing access to the latest
model of the Forte computer [152] since 2022, with 36 fully
connected qubits and a two-qubit gate fidelity of 0.996 [199].
These and other selected demonstrations of high-fidelity gates
with their characteristics are listed in Table 2.

5. 50-qubit ytterbium ion quantum computer

5.1 Quantum computer on 171Yb� ions
One important result of the implementation of the 2020±
2024 Roadmap for Quantum Computing in Russia was the
creation of an ion quantum computer on ytterbium ions,
which is capable of working with quantum registers of up
to 50 qubits. A set of original solutions were developed
when creating this computer. For example, the use of an
optical quadrupole transition at a wavelength of 435.5 nm
for encoding information [67] (Fig. 26), the qudit archi-
tecture [69, 72], an original scheme for continuous
dynamical decoupling of magnetically sensitive qudit
states [65], and a method for stabilizing secular frequen-
cies of an ion trap were designed and implemented. It is
also important to note that, in the course of this work, we
acquired competence in building ion traps with low heating
rates and high secular frequencies, creating highly stable
laser systems for controlling quantum states of particles,
automating calibration processes and quantum computing,
and executing quantum operations on ion arrays of several
dozen particles.

The described computer is based on a linear bulk Paul
ion trap. The trap was made of copper and coated with a
gold. The developed design ensures high accuracy of the
electrode geometry, high thermal and electrical conductivity
of electrodes, and good optical access to the captured
particles (Fig. 27). The distance from the electrode surface
to the trap axis is r0 � 250 mm. The radial confinement
electrodes are in the form of four blades located symme-
trically around the axis, while axial confinement is ensured
by two endcap electrodes. A hole is provided in the center of
the endcap electrodes to ensure optical access to ions along
the trap axis. The trap is mounted on a vacuum flange
equipped with a set of electrical inputs and a specially
designed intravacuum objective with a numerical aperture
of 0.2 for individual optical addressing of particles. The
flange also has a copper tube connected to the trap to
provide cooling and thermal stabilization, which is an
important feature distinguishing this system.

For the 171Yb� ion, the maximum radial and axial secular
frequencies are 4.4 MHz and 370 kHz, respectively. In the

Table 2. Selected demonstrations of two-qubit gates on a spin-dependent
force.

Gate type Fidelity Duration, ms Ion References

MS
MS
MS
MS
MS
MS

0.996
0.993
0.997
0.999
0.998
0.996

ì
50
30
25
ì
680

40Ca�
40Ca�
9Be�

171Yb�
171Yb�
171Yb�

[200]
[37]
[172]
[201]
[6]

[152]

LS
LS
LS
LS
LS
LS

0.999
0.98
0.997
0.996
0.998
0.9994

100
2.13
90
35
49.2
35.2

43Ca�
43Ca�
171Yb�
40Ca�

43Ca� � 88Sr�
40Ca�

[171]
[202]
[28]
[162]
[203]
[204]
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369.5 nm
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Figure 26. Level diagram of 171Yb� ion used to encode information in the

created quantum computer. Quantum information is encoded in Zeeman

sublevels j0i, j1i, j2i, and j3i of 2S1=2�F � 0� and 2D3=2�F � 2� states.
j4i state is used as an ancilla in some algorithms. Light blue line

corresponds to laser radiation used for Doppler cooling, initialization,

and readout of ion states. Red line shows pumping laser radiation, and

dark blue ones are laser fields used to perform quantum operations. Wavy

lines correspond to spontaneous decays, and dotted lines are radiation

obtained by phase modulation of corresponding laser sources.
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experiments described below, secular frequencies ofx; y; zg �
2p � f3:7; 3:6; 0:13g MHz were used when working with
10 ions andofx; y; zg � 2p� f2:7; 2:6; 0:13g MHz when work-
ing with 25 ions. The heating rate of a single ion in the radial
direction at a secular frequency of 3.7 MHz was _n � 23� 3
phonons per second [66]. The stability of the radial secular
frequencies is maintained at a level of about 100 Hz for times
of the order of several hours using active stabilization of the
confining potential amplitude by following a scheme similar
to the one described in [205].

The trap is installed in a vacuum chamber, the pressure in
which is maintained at a level of less than 10ÿ10 mbar using an
ion-getter pump. Inside the chamber, a magnetic field with
induction B � 7:5 G is maintained, created by a system of
permanent magnets, which is necessary to remove the
degeneracy in Zeeman sublevels and avoid the effect of
coherent population trapping during Doppler cooling and
readout the state of qudits [206]. Fluctuations and drift of the
magnetic field are partially compensated by an active
stabilization loop consisting of a three-axis sensor and three
pairs of coils in theHelmholtz configuration. The spectrum of
residual field fluctuations, whose average amplitude is about
1 mG, is dominated by harmonics at multiples of 50 Hz,
created by power supply interference, which is to some extent
leveled by synchronizing the beginning of each experimental
cycle with the phase of the AC-line.

Ions are captured in the trap by the method of two-color
selective photoionization of the ytterbium atomic beam from
the oven at wavelengths of 399 nm and 369.5 nm. Doppler
cooling of ions at the beginning of each cycle is performed
using a 369.5-nm laser phase-modulated at 14.7 GHz to
avoid population trapping in the 2S1=2�F � 0� state, and a
935-nm pumping source, which is also phase-modulated at
3.7 GHz to pump population from the 2D3=2�F � 2�
metastable state. The same laser sources (but in a different
modulation mode) are used to initialize the j0i �
2S1=2�F � 0;mF � 0� state before executing the algorithms
and readout [68, 160]. A ququart is encoded in the states j0i,
j1i � 2D3=2�F � 2;mF � 0�, j2i � 2D3=2�F � 2; mF � ÿ1�,
and j3i � 2D3=2�F � 2;mF � 1� (see Fig. 26). Another
ancilla level j4i� 2S1=2�F�1;mF�0� is also available, used
in some quantum algorithms. The coherence time of the
j0i ! j1i transition is 31 ms, and that of the j0i ! j2i and
j0i ! j3i transitions is 1 ms without active noise suppression
schemes and 9 ms when using continuous dynamical decou-
pling schemes [65].

The 369.5-nm photons scattered during the readout and
cooling procedure are collected using a high-aperture
(0.48 numerical aperture) objective. The image of the ion
chain is projected either onto a high-sensitivity cameramatrix
or onto an array of multimode fibers arranged nonequidis-
tantly according to the positions of the particles in the crystal
(Fig. 28). The other ends of these fibers are connected to
individual channels of a PMT, which allows the fluorescence
of each individual ion to be registered. The use of a fiber array
together with a PMT ensures a low level of dark counts and
virtually no dead time between successive readout cycles (at
the level of 8±16 ns), which is important for readout of the
qudit states and also makes it possible to record the arrival
time of each individual photon. However, this approach is
poorly scalable, because changing the number of ions in the
register requires replacing the fiber array. The array currently
in use is designed to work with 10 ions. Camera readout is a
muchmore scalable technique and allows working with larger
ion arrays (a camera is used for readout when working in the
50-qubit mode), although it has a number of disadvantages,
the main one being a dead time between frames of about 1ms,
as well as higher dark noise, which leads to lower readout
fidelity, especially in the qudit mode.

Quantum operations on the ion register are performed
using a highly stable laser system at a wavelength of 435.5 nm
(Fig. 29). It is based on a diode laser with an external cavity at
a wavelength of 871 nm, whose frequency is stabilized with
respect to a highly stable optical cavity made of ultra-low
expansion glass by the Pound±Drever±Hall method similar to
the one described in [207]. The relative instability of the laser
frequency was less than 3� 10ÿ15 at averaging times from 1 to
100 s when measured relative to another reference laser at a
wavelength of 1140 nm using a femtosecond optical comb.
Within the Roadmap framework, an important technology
for filtering fast phase noise of a laser source was implemen-
ted based on injection locking of an auxiliary laser diode to
radiation passed through a highly stable cavity [208]. This
allows significantly suppress the high-frequency laser noise,
which strongly affects the fidelity of both single-qudit and
two-qudit operations. Figure 30 shows a graph characterizing
noise suppression due to filtering.

The computer supports two types of single-qudit opera-
tions. The first isR 0k

f �y�; k � 1; 2; 3; implemented by applying
a resonant laser pulse between the levels j0i and jki to some
ion using an individual addressing beam. The parameters f
and y are respectively defined by the optical phase and pulse

a
b

Figure 27. Photographs of ion trap used in constructed 50-qubit computer. (a) Photograph of flange with trap assembled on it, as well as intra-vacuum

objective for individual addressing. (b) Photograph of trap electrodes.
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duration. The composite form of such a gate is also supported
with the SK1 scheme, which allows suppressing the cross-
talks on neighboring ions and the effect of pulse power
calibration errors, but it extends the operation time, which
negatively affects the ratio of the gate time to the coherence
time (with the typical duration of a conventional R 0k

f �y� gate
given by 12 ms, its composite form takes about 55 ms,
including the time required to change the beam phase). The
second supported type of gate is a virtual operation Rj

z�y� on
some ion.

Figure 31 shows the results of randomized benchmarking
of the single-qudit operation R 01

f �y� on an arrays of 10 and
25 ions. The fidelities of single-qudit operations on different
ions agree with each other to within the error. The fidelity of
single-qudit operations on a register of 10 ions, FSQ10

�
0:99946�6�, exceeds the result for 25 ions, FSQ25

� 0:9985�2�,
due to the lower contribution of residual particle motion to
the error.

In addition to such operations performed with individual
addressing, it is also possible to perform global operations on
all particles simultaneously, R 0k

f �y�, k � 1; 2; 3; 4, where the
R 04

f �y� operation is executed using a microwave pulse, which
is useful for implementing some algorithms, examples of
which are discussed below.

The processor also supports a two-qudit MS operation on
the transition j0i ! j1i. This gate is implemented by applying
a bichromatic laser field to a selected pair of ions using
individual addressing beams. To account for the influence of
all motional modes, as well as to suppress errors associated
with secular frequency fluctuations, amplitude modulation of
the bichromatic pulse is used in the implementation of the
gate. The full connectivity of qubits in the processor is
realized.

Figure 32 shows the fidelity table of two-qubit operations
on a 10-ion register for all possible pairs. The operation
fidelity was estimated by measuring the accuracy of the Bell
state preparation by applying the XX�p=4� operation to a

selected pair of ions initialized in the j00i state. The
preparation accuracy was calculated similarly to [209] with
correction for the preparation and readout error. Table 3
shows the results of characterizing the fidelity of two-qubit
operations for several pairs of ions in the 25-qudit (50-qubit)
mode. The population dynamics of the qudit states during the
two-qudit operation and the parity oscillations between pairs
with numbers 5 to 21 are shown in Fig. 33. Generally, the
fidelities obtained in the 25-qudit mode are lower than in the
case of 10 ions, which is due to a more complex vibrational
spectrum and its lower stability caused by the electrode
charging under the action of laser beams and the correspond-
ing change in the axial vibration frequencies.

To improve the fidelity of quantum operations in each
experimental cycle, immediately before the implementation
of the algorithm, the radial vibrational modes are cooled to
the average vibrational number n < 0:1. For this, the cooling
method is implemented on the j0i ! j1i transition at the
resolved sideband frequencies.

After all operations are performed, the state of each qudit
is read out. This procedure is schematically shown in Fig. 34.
The fidelities of readout with a PMT and a camera are shown
in Fig. 35.

The created computer was integrated with a cloud plat-
form that allows quantum circuits defined with a graphical
editor or using the QASM2.0 language to be automatically
transpiled to native operations and run on a quantum device,
with the obtained results displayed.

5.2 Implementation of basic quantum algorithms
The created computer (both the 50-qubit version and its
previous generations) was used to implement a number of
quantum algorithms. First of all, a number of benchmarking
tasks were launched aimed at assessing the performance of the
device. These included, in particular, the Bernstein±Vazirani
algorithms [66] and theGrover algorithmwith both phase [66]
and Boolean oracles [29].

369 nm

Multichannel PMT

Fiber array

Camera

�10

�6

a
b

c

d

Figure 28. Ion fluorescence registering system. (a) General diagram of readout system. Switching between highly sensitive camera and PMT is performed

using motorized mirror. (b) Photograph of 10-ion readout fiber array. (c, d) Images of 10- and 25-ion registers obtained with a camera.
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In our work [66] in 2023 on an 8-qudit (16-qubit)
generation of the computer, we demonstrated a two-qubit
Grover algorithm with qubits encoded in different ions with a
phase oracle, attaining an average implementation fidelity of
83%. This algorithm provides a polynomial gain compared to
its classical analogues in the problems of searching through
unordered databases and finding the inverse function. The
quantum circuit corresponding to this algorithm contained
two two-qudit operations. In 2024, already using a 10-qudit
(20-qubit) processor, a three-qubit Grover algorithm with a
Boolean oracle was implemented [29]. The qubits were again
encoded in different ions, which allows studying the noisiest
mode of the computer. Despite the increased complexity of
the algorithm, the increased number of entanglement opera-
tions (three XX�p=2� operations and oneXX�p=4� operation)
and the larger dimension of the Hilbert space used (the
original method for implementing the multiqubit Toffoli
gate was used, reducing the number of entanglement opera-
tions by using an additional ancilla level), the overall fidelity
remained at the level of 83%, which was achieved by

increasing the fidelity of operations in parallel with the
increase in the number of qudits.

Another common algorithm used to characterize
quantum computers is the Bernstein±Vazirani algorithm.
It allows reconstructing the key in a single evaluation of
the oracle that returns the scalar product of the input
register with a certain secret key. In [66], the results of
running a two-qubit version of this algorithm were
presented with the qubits encoded both in different ions
and in one ion in the 8-qudit (16-qubit) generation of the
computer. The fidelity of the task execution when encoding
information in a single particle using qudits (97%) was
expectedly higher than when using traditional two-level
encoding (95%). This is due to the absence of the need for
two-particle entanglement operations.

Figures 36 and 37 show the results of running several
circuits via the cloud platform, corresponding to the three-
qubit Bernstein±Vazirani algorithmand the two-qubitGrover
algorithm. These experiments were carried out during an
experimental demonstration of the 25-qudit (50-qubit) pro-

1.0

P
ro
b
ab

il
it
y
o
f
io
n
ex
ci
ta
ti
o
n

0.8

0.6

0.4

0.2

0
196 198 200 202 204

Deêector frequency, MHz

b

369 nm

Global
beam

Individual
addressing
beams

AOM AOM

AOM AOD

AODAOM

Telescope
+

objective

Second harmonic
generator

871 nm! 435.5 nm

Tapered
ampliéer

Diode
871 nm

ULE
cavity

Laser
871 nm

y x

z
B

369 nm
+

399 nm

935 nm
+

760 nm
Injection
lock

a

Figure 29. (a) Diagram of ion addressing system and injection of laser beams into a Paul trap. (b) Dependence of excitation probability of each of 25 ions in

the trap (shown in different colors) when scanningAOD frequency, which corresponds to scanning individual addressing beam along ion chain. Plot shows

25 well-resolved peaks, demonstrating possibility of individual addressing of each ion in the trap.

576 I.V. Zalivako et al. Physics ±Uspekhi 68 (6)



cessor. In both cases, each qubit was encoded in a separate
ion, with a full register of 25 particles in the trap. The most
significant contribution to the error in this case was made by
the readout error and secular spectrum fluctuations arising
from photoinduced parasitic electric fields.

The computer was also used to solve quantum chemistry
problems. In particular, using the iterative quantum assisted
eigensolver algorithm [210±213], the ground state energies of
the H2 and LiH molecules [68] were calculated to within
chemical accuracy. In the first case, two of the 8 ions were
used in the trap, and in the second case, five of the 8 ions were
used. The calculation results are given in [66].

The use of the computer alsomade it possible to conduct a
number of experiments in the field of quantum machine
learning. Studies were conducted to compare various ways
of mapping classical input data into the Hilbert space of the
quantum computer for these problems. In particular, the
problem of classifying images of handwritten digits 0 and 1
using the support vector machine method was considered.

The kernel matrix was calculated using the quantum
computer [68]. The efficiencies of various schemes for
encoding classical information were compared. In all cases,
a classification accuracy of 100% was achieved.

Experimental studies were conducted in the field of
optimization and sampling problems. The sampling accu-
racy of the output histograms of quantum circuits typical
for solving problems using the quantum approximate
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Table 3. Fidelities of two-qudit operations in 25-qudit (50-qubit) regime
for several pairs.

Ion
numbers

Fidelity
without SPAM correction

Fidelity
with SPAM correction

5 ë 21
7 ë 19
9 ë 22

92� 2%
88� 3%
84� 3%

97� 3%
93� 4%
90� 4%
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optimization algorithm (QAOA) was studied on the created
computer. An example of such a circuit corresponding to a
single QAOA layer is shown in Fig. 38a. Circuits and
optimization problems of this type most effectively use the
capabilities of the ion computer, because they require full
connectivity and parameterized two-qubit and single-qubit
operations (each two-qubit operation ZZ�wi j� in the
diagram is parameterized by its own rotation angle, which
corresponds to a weighted problem). Figure 38b shows
examples of comparing the expected distributions over the
output states with those obtained experimentally for
different numbers of ions involved (in all cases, there were
10 ions in the trap). The degree of agreement between the
observed and expected distributions was determined using
the formula from [10]:

F �
�X

x

����������������������������������
Pideal�x�Pmeas�x�

p �2

:

Figure 38b shows that, as the problem size increases, the
sampling accuracy decreases, as expected, which is due to

the quadratic growth of the number of two-qubit opera-
tions (their total number is n�nÿ 1�=2, where n is the
number of qubits). Nevertheless, the histograms show
that, for n4 5, the sampling accuracy remains quite high
and reflects the main features of the distribution over
output states. We used circuits of this type in an experi-
ment on factoring the number 1591 into prime factors using
the Schnorr algorithm [214].

Studies that actively use the qubit capabilities of the
processor are of particular interest. One example of such
studies is the simulation of the dynamics of a quantum system
near the phase transition between PT-symmetric and PT-
asymmetric Hamiltonians [73]. In that study, a method for
simulating the dynamics of the simplest example of such a
system using a qutrit was proposed. Importantly, the
simulation of such a system requires at least two qubits,
while the method proposed here allows this task to be
accomplished using only one qutrit. This method was
experimentally demonstrated using the created ion computer
(the quantum register consisted of 10 ions; the calculations
were performed in parallel on several particles simultaneously
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Figure 37. (a) A screenshot of cloud platform graphical editor used to prepare circuit corresponding to Grover's algorithm with key 01. (b) Results of

executing the quantum circuit. Histogram is based on 1024 repetitions of the circuit. Expected output state is marked in red.
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to speed up the collection of statistics) and a superconducting
processor. The data obtained experimentally on both proces-
sors coincided with the theoretical calculation with high
accuracy.

Another example showing the potential of using qudits
to implement quantum algorithms is the concept of a
scalable generalized Toffoli gate. The generalized Toffoli
gate is understood here as an extension of that gate to
more than three qubits. This gate is actively used in error
correction, Grover's, and many other algorithms. Without
using ancilla, the number of two-qubit operations
involved in this gate scales quadratically, which greatly
affects its fidelity. In [113, 114], a scheme for implement-
ing this gate on ion computers was proposed with qubits
replaced by qutrits. In this case, the third state is used as a
pure ancilla. The number of two-qudit operations in this
case depends linearly on the number of ions (2Nÿ 3,
where N is the number of ions affected by the gate),
which means it can significantly improve the scaling of
this operation. Using the created ion computer, this
approach was demonstrated experimentally. The accura-
cies of the observed truth tables (output distributions after
applying the gate to all possible states of the computation
basis) were compared for the implementation of the gate
using qubits and qutrits for N � 3±10 (in all cases, the full
register consisted of 10 ions) [29]. For all N, the qudit
approach was superior to the qubit one, and the
advantage increased with increasing N. To demonstrate
the phase properties of the resulting gate, Grover's
algorithm with a Boolean oracle was implemented with it
[29]. Its accuracy when using the Toffoli qudit gate also
turned out to be higher than when using qubits.

6. Conclusions

Trapped ions are one of the first and most developed
approaches to the implementation of quantum computers.
Ion computers demonstrate record-breaking characteristics
among all platforms in almost all indicators (fidelity of single-
qubit and two-qubit operations, coherence time, connectivity,
quantum volume) and are already used by third-parties via
cloud access. Many studies are being conducted around the
world aimed at developing these devices further.

One of the main focuses of this work is how to solve the
problem of scaling: increasing the number of qubits without
losing the fidelity of operations. The largest commercially
available ion quantum computer today has 56 qubits [153]
and is manufactured using QCCD technology. However,
there are a number of promising studies and approaches
aimed at further scaling and increasing the quality of qubits,
including, for example, photonic interconnects [22, 215], fast
nonadiabatic operations [194, 202], and laserless quantum
gates [25, 216]. These and other methods will be described in
more detail in our next review.

In this paper, we outlined the basic principles of operation
of ion quantum computers and provided their basic char-
acteristics. We also presented the main results achieved in this
area in Russia within the Roadmap framework. Over the
years, this field has developed in this country from a complete
absence of ion computing technology to a full-fledged
universal quantum computer with dozens of qubits and the
development of an almost complete cycle of their construc-
tion, including laser and vacuum systems, as well as ion traps.
In the course of the work, a number of new and promising
ideas were implemented, the most striking of which is the
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qudit architecture of processors, which made it possible to
significantly increase the efficiency of devices. The achieved
results open up broad opportunities both for the further
development of the ion platform in Russia and for research
in the field of quantum algorithms due to scientists' access to a
real computing device.
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