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Implementation of one-qubit quantum gates with individual addressing
of two rubidium atoms in two optical dipole traps
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Abstract. We report the results of experiments on implementing
individually addressable one-qubit quantum gates on a microwave
transition with two 8Rb atoms in two optical dipole traps.
Addressing is carried out using additional focused laser light, which
results in a differential light shift of the microwave transition fre-
quency. In the absence of addressing in each of the atoms, Rabi
oscillations are obtained on the microwave clock transition 55,
(F=2,mp=0) - 5S,,(F =1, mp = 0) between two working levels
of qubits with a frequency of up to 5.1 kHz, a contrast up to 98 %,
and a coherence time up to 4 ms. When addressing is turned on, the
probability of a microwave transition in the addressed atom is sup-
pressed to an average value of less than 5 %. The Rabi oscillations
remaining in the other atom have the same contrast and correspond
to the implementation of individually addressable basic one-qubit
quantum operations (Hadamard gate and NOT gate) from differ-
ent initial states of a qubit with an average fidelity of 92% =+ 3%.
After renormalising this fidelity to the error in the preparation and
measurement of quantum states of qubits, an estimate of 97% =+ 3%
is obtained for the fidelity of individual qubit rotations.

Keywords: single atoms, optical traps, one-qubit gates.

1. Introduction

Experimental implementation of a quantum computer with
qubits based on single neutral atoms in arrays of optical
dipole traps requires addressing of individual qubits to per-
form basic one- and two-qubit quantum gates [1-5]. In the
general case, the addressing in an array of traps is performed
using focused laser light; in this case, the diameter of its waist
should be smaller than the separation between neighbouring
atoms in the array.
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In the first experimental works demonstrating individual
addressing with Rb atoms, one-qubit quantum gates were
performed based on Raman transitions between two hyper-
fine sublevels of the ground state, which are the working lev-
els of qubits [6, 7]. Raman transitions were induced by two-
frequency laser light focused on a single atom in one of the
traps. However, it was not possible to achieve high fidelity in
performing one-qubit gates with this method because of
rather large phase noise of laser light, which limits the coher-
ence time to tens of microseconds or less with an instability of
the frequency difference of Raman lasers of several kilohertz.

Much longer coherence times are provided by microwave
clock transitions in alkali metal atoms (6.837 GHz for ¥Rb
atoms, 9.193 GHz for '3Cs atoms). To excite them, highly
stable microwave generators with digital frequency synthesis-
ers are used, having a linewidth of less than 100 Hz and a
coherence time of up to tens of milliseconds. However, the
wavelength of such radiation (several centimetres) signifi-
cantly exceeds the size of atomic arrays (less than 100 um),
and so it affects all atoms simultaneously. For individual
addressing at microwave transitions, the use of nonresonant
laser radiation focused on one of the atoms was first proposed
and implemented in [8]. Due to the large frequency detuning,
it does not induce optical transitions between atomic levels,
but causes a light shift of the qubit levels due to the dynamic
Stark effect. Since the two working levels of a qubit undergo
slightly different light shifts, the microwave transition fre-
quency in the addressing laser field is shifted relative to the
transition frequency in a free atom. If the frequency of the
microwave generator is detuned by a certain amount from the
exact frequency, then the addressing laser field can adjust it to
exact resonance with the microwave field. Alternatively, the
frequency of the microwave generator can be tuned to an
exact resonance, and the addressing laser field can bring it out
of resonance for the addressed qubits.

At present, this method of individual addressing provides
the highest fidelity in performing one-qubit quantum gates. In
recent papers [9, 10], the error in performing one-qubit quan-
tum gates was demonstrated to be less than 0.01% for global
addressing of all qubits and less than 0.2% for addressing of
individual qubits.

In our recent studies, experiments were carried out both
on the trapping of a single Rb atom in a single optical dipole
trap [11] and ensembles of Rb atoms in trap arrays [12], and
on the implementation of a one-qubit quantum gate on a
microwave transition in a single Rb atom in a single trap [13].
A specific feature of the experiments performed is the forma-
tion of traps using a long-focus objective lens with a small
numerical aperture (NA = 0.172) and a large focal length ( f'=
119 mm), located outside the vacuum chamber of a magneto-
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optical trap (MOT). Long-focus objectives with a small
numerical aperture are commonly used in the implementation
of optical dipole traps for trapping large ensembles of atoms
[14—18]. However, for traps with single atoms, such a scheme
can potentially provide a higher fidelity in performing two-
qubit quantum gates based on short-term laser excitation of
atoms to Rydberg states [1—3]. In our scheme, atoms are far
from all surfaces, on which working atoms are gradually
deposited, which leads to the formation of parasitic charges
and electric fields that strongly affect Rydberg atoms.
Another feature is the use of a relatively cheap digital SCMOS
video camera for recording single atoms by the resonance
fluorescence signal instead of the commonly used expensive
EMCCD cameras.

The goals of this work were the implementation of two
optical dipole traps loaded with single Rb atoms and the dem-
onstration of basic one-qubit quantum operations (Hadamard
gate and NOT gate) based on individually addressable micro-
wave transitions in an existing experimental setup with a
long-focus lens and an sSCMOS video camera.

2. Experimental setup

The basic optical diagram of the experimental setup is
shown in Fig. 1. Initially, Rb atoms are cooled and trapped
in a MOT in a vacuum chamber, in the centre of which a
cloud of cold atoms with a temperature of 80—100 uK is
formed. Then, to trap atoms from the MOT into an optical
dipole trap, use is made of the radiation of a laser system
with a wavelength of 850 nm, based on an Eagleyard
EYPDFB-0852 master laser with distributed feedback and
a Toptica Boosta Pro semiconductor amplifier with an out-
put power of 1.4 W. The radiation power can be modulated
using an acousto-optic modulator (AOM). This radiation
is mixed with a 780 nm ‘ejecting’ laser radiation by means
of a glass beam splitter BS. It is necessary to determine the
quantum states of two atoms after performing one-qubit
gates [13]. Further, the radiation is fed into the optical sys-

tem through an optical fibre, which serves as a spatial fil-
ter.

After leaving the optical fibre, the radiation of the dipole
trap laser and the ejecting one is collimated and reflected from
the spatial light modulator, which forms a phase mask and
transforms the wavefront of both beams forming a set of
intensity maxima corresponding to two or more dipole traps
at the lens focus [5, 12, 19]. Setting the wavefront also allows
the distance between the traps to be controlled. Then the radi-
ation of both lasers is passed through a polarisation beam
splitter PBS, where the radiation of the addressing laser with
a wavelength of 795 nm is added to them. It is necessary for
individual addressing of microwave radiation to one of the
traps due to the differential light shift of the microwave tran-
sition frequency. The addressing beam is moved using an
acousto-optic deflector (AOD).

Then the radiation of the three lasers arrives at the
dichroic mirror. It has a reflectivity of more than 95% at a
wavelength of 850 nm, and about 7% at a wavelength of
780 nm (for radiation with a wavelength of 780 nm, a power
of less than 1 mW is required). The radiation reflected from
the dichroic mirror is focused into a cloud of cold Rb atoms
by an objective lens with a focal length /= 119 mm and a
numerical aperture NA = 0.172. This objective was designed
and used for the first time in Ref. [20]. An expanding tele-
scope consisting of two lenses with focal lengths increased in
comparison with our previous works [11—13] (/=75 mm and
450 mm instead of /=25 mm and 150 mm) is installed in front
of the objective. This reduced the aberrations in the optical
system and made it possible to obtain waists with a diameter
of 8—9 um (measured at the intensity level e) instead of
10—11 wm. This diameter should provide loading of predomi-
nantly single atoms due to the effect of light-induced colli-
sional blockade [21].

To visualise the image of two trapped Rb atoms, resonant
fluorescence induced by cooling laser radiation with a wave-
length of 780 nm (not shown in Fig. 1) is used. The spontane-
ously emitted photons are collected by the same lens with f'=
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Figure 1. Schematic of an experimental setup for trapping two single ¥Rb atoms in two optical dipole traps, registering them, pumping them opti-
cally, and performing one-qubit quantum gates based on a microwave transition.
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119 mm, pass through a telescope, a dichroic mirror, and are
focused by a lens with /= 25 mm onto a FLIR Tau CNV
digital sCMOS video camera. To increase the rate of collect-
ing signals from single atoms, their images are projected onto
single pixels of the video camera, the signals from which are
then processed separately. To eliminate the influence of para-
sitic illumination at the dipole trap laser wavelength, two
interference filters are installed in front of the video camera,
transmitting radiation only at a wavelength of 780 nm. The
image from the video camera is transferred to the computer
via the CameraLink interface.

Demonstration of one-qubit quantum gates is carried out
based on the magnetic dipole microwave transition 5S;,(F =
2, mp=0)—> 5S;,(F=1,mp=0) at a frequency of 6.834 GHz
between the hyperfine sublevels of the ground state, which
serve as the working levels of qubits. In the diagram shown in
Fig. 1, a pump laser is used for preliminary pumping of atoms
to the Zeeman sublevel 5S,), (F = 2, my = 0) (initialisation of
qubits), and the microwave generator induces Rabi oscilla-
tions between two working levels of qubits (rotation of the
qubit state vector through a given angle). The pump beam
tuned to resonance with the 5S,,(F = 2) = 5P5,(F = 2) transi-
tion is launched orthogonally to the dipole trap beam, and its
linear polarisation is directed along a uniform magnetic field
of 4—5 Gs. The field is turned on by additional coils to lift the
degeneracy of magnetic sublevels in atoms and to set the
quantisation axis (in this case, the gradient magnetic field of
the MOT is first turned off). Microwave radiation from the
generator is fed through a window of the MOT vacuum
chamber from the output of a homemade horn antenna based

on a coaxial-waveguide junction. The horn is oriented in such
a way that the magnetic component of the microwave field in
the region of the atoms coincides in direction with the con-
stant magnetic field, which ensures the maximum Rabi fre-
quency.

The timing diagram of the experiment on the implementa-
tion of one-qubit quantum gates in two adjacent optical
dipole traps is shown in Fig. 2. The experiment is carried out
in a pulsed regime. Rubidium atoms are initially loaded into
the MOT for 0.1-5 s and are simultaneously loaded into two
optical dipole traps. The laser radiation of the dipole trap is
modulated by rectangular pulses with a frequency of 1 MHz
and a duty cycle of 1.25 in order to avoid the influence of light
shifts on registration, pumping, and ejection of atoms in the
absence of trap laser radiation (the light shift increases the
detuning of optical transitions by tens of megahertz and
decreases the fluorescence signal by several times), and keep
the atoms in the trap during the pulses. The digital sSCMOS
video camera FLIR Tau CNYV registers atoms as a sequence
of images with an exposure time of 100—150 ms until the
moment of loading single atoms into both traps and the
appearance of the first signal of resonance fluorescence from
both atoms. The trapping of two Rb atoms in two focused
laser beams is monitored by the resonance fluorescence signal
and the acquisition of an image of two atoms in traps on the
video camera.

Upon loading single atoms into both traps, the procedure
for implementing one-qubit quantum gates and measure-
ments is launched. The cooling laser and the MOT gradient
magnetic field are turned off. Then the beams of the cooling
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Figure 2. Time diagram of an experiment on the trapping of two single ¥Rb atoms, optical pumping, and implementation of one-qubit quantum
gates based on a microwave transition with individual addressing in two traps.
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laser and a video camera are turned on for the first registra-
tion of fluorescence signals from two trapped atoms. After
that, the cooling laser is switched off and a uniform magnetic
field is switched on. Then, a pump laser is switched on with
radiation linearly polarised along the magnetic field, which
acts on the atoms for 0.1-2 ms and pumps them to the
Zeeman sublevel 5S,,(F = 2, mp = 0) in the presence of
repump laser radiation. Then the pump and repump lasers are
turned off, and a microwave pulse is turned on to perform
one-qubit quantum gates. The frequency of microwave radia-
tion is tuned near the frequency of 6.834682 GHz of the
5Sip(F=2, mp=0) = 5S;p(F =1, mg=0) clock transition
between two working levels of a qubit, which are insensitive
to an applied constant magnetic field.

To suppress Rabi oscillations in one of the atoms, an
addressing laser pulse is switched on together with the micro-
wave pulse. The optical frequency of the addressing laser
beam can be varied to obtain a red or blue detuning of
20—100 GHz from the transitions of the D; absorption line
in the ¥ Rb atom. With such detunings, the excited state
5Py, is not populated, but the resonant frequency of the
clock transition acquires a significant differential light shift
(according to calculations, —5.7 kHz W~! for the addressing
laser radiation focused into a 10 um diameter and with a
detuning of +50 GHz), which exceeds typical width of micro-
wave resonance (1-10 kHz) and is used to remove the
addressed atom from resonance with microwave radiation
when performing single-qubit gates. Since the addressing
beam is focused only on one of the atoms, the microwave
transition and Rabi oscillations will be suppressed in it, but
they will be excited in the neighbouring atom. The addressing
laser beam is tuned to one or the other qubit by changing the
AOD frequency, and Rabi oscillations are recorded in both
traps. To measure crosstalk in individual addressing, the
degree of suppression of Rabi oscillations in each trap in the
presence of the addressing laser radiation is determined.

Then the ejection laser is switched on to determine the
final states of two atoms in neighbouring traps. For the $’Rb
isotope, the 5S;,,(F = 2) state will correspond to the absence
of a signal, since the ejection laser is tuned to the closed transi-
tion 5Sy,(F = 2) » 5P;3,(F = 3) and expels atoms in the
5S1o(F = 2) state from the trap. The state 5S;,,(F = 1) will cor-
respond to the maximum signal, because the ejection laser
does not affect atoms in this state. The final measurement of
the quantum states of two atoms is carried out by turning on
the cooling lasers again and recording the fluorescence signal
on a digital video camera.

In the entire measurement procedure, the radiation from
the cooling, pumping, repumping, and ejection lasers is mod-
ulated at a frequency of 1 MHz in antiphase with the modula-
tion of the dipole trap laser radiation. This allows a signifi-
cant reduction of the influence of parasitic processes in the
switched-on trap, especially during the ejection process.

3. Trapping two 8’Rb atoms
in two optical dipole traps

To implement two optical dipole traps, a special SLM phase
mask was formed based on the modified Gerchberg—Saxton
method [22] according to the methodology of our paper [12]
(a similar technique is also used at the Moscow State
University to create high-dimension arrays of single atoms
[5]). The obtained profile of the radiation intensity distribu-
tion in the focus of the objective was previously measured

using an intensity distribution meter DataRay Beam’R2. The
diameter of each of the beams at the e level did not exceed
9 um, and the distance between the foci, at which the different
beams were well resolved, was 12 um. In this case, one could
expect that Rb atoms in an optical dipole trap should be
localised in a region with a smaller diameter, which would
provide a better spatial resolution.

Then, atoms were trapped in two optical dipole traps
according to the scheme shown in Fig. 1. Images of single
atoms in two traps were projected onto separate pixels of a
video camera. The average level of noise and background illu-
mination was subtracted from the video signals of these pixels;
therefore, the measured signal was proportional to the intensity
of the resonant fluorescence of a single atom. After optimising
all parameters (adjustment of the optical system, the power and
detuning of laser radiation, the current of the Rb atom dis-
penser, and the exposure time of the video camera), an image of
two single 3’Rb atoms in two adjacent optical dipole traps with
a variable distance R between the centres of the traps was
obtained (Fig. 3). The variation in R was achieved by changing
the period of the SLM phase mask. At R =9 um, the images of
two atoms partially overlapped (Fig. 3a), and at R = 17 um, the
images were well resolved (Fig. 3b). The observed size of the
images of Rb atoms in individual traps was determined by the
pixel size of the video camera (6.5 um).

Since at R = 17 um the image of each trap could fit on
single pixels of the video camera, it was possible to record
separately the signals of resonant fluorescence from each
atom. The time dependence of the video signals had the char-
acter of chaotic pulses with a duration of 1-50 s, correspond-
ing to the presence or absence of a single atom in each trap.
This is the so-called telegraph signal, which has a pulsed char-
acter against the background of the video camera noise. In
the experiments for both traps, independent telegraph signals
were first obtained (Fig. 4a), which allowed measuring the
average retention time of each atom in its own trap 7; =
16.6 = 2 s. The observation of such telegraph signals indi-
cated that the loading of strictly single atoms into each of the
traps was achieved in the collisional blockade regime. Then,
by analysing the correlations of two telegraph signals in time,
the average time of the simultaneous confinement of two
atoms in two traps was determined: 7, = 10.4 £ 1 s (Fig. 4b).
This time is long enough to perform precise one- and two-
qubit quantum gates with atoms in two traps.

4. Microwave transitions in two 8’Rb atoms with
individual addressing

For individual addressing when performing one-qubit quan-
tum gates, the focus of the addressing laser radiation was
moved to one or the other trap by changing the frequency
Faop of the AOD driver, which was verified in separate mea-
surements in a model optical system. The addressing laser
beam was manually adjusted along one of the coordinates,
and along the other, it could be scanned using the AOD. At
Faop = 100.5 MHz, the beam was exactly coincident with
trap 1 (left trap in Fig. 3b), and at Faop = 99.5 MHz, with
trap 2 (right trap in Fig. 3b).

Further experiments were performed on individual
addressing of Rb atoms in both traps to test the possibility
of switching off the interaction with resonant microwave
radiation. First, it was necessary to make sure that there was
a light shift of microwave resonances when addressing each
trap. When the addressing laser beam was strongly detuned
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Figure 3. (a, b) Image of two single ’Rb atoms in two adjacent optical dipole traps (light pixels, circled) with a distance between centres R = (a) 9
and (b) 17 um; (c) telegraph signals of the fluorescence intensity of two single ’Rb atoms in two neighbouring traps, and (d) time dependence of the
probability of simultaneous trapping of two atoms in two traps determined from telegraph signals.
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Figure 4. Experimental results on individual addressing of 8’Rb atoms in traps (e) 1 and (o) 2 upon interaction with resonant microwave radiation

at Faop = () 105, (b) 99.5, and (c) 100.5 MHz.

(Faop = 105 MHz), microwave resonance was recorded in
both traps (Fig. 4a) at a centre frequency of 6834.586 MHz
{this frequency slightly differs from the reference value
6834.6826 MHz due to the error (~100 kHz) detected in set-
ting the frequency of the used Agilent E8257D-567 micro-
wave generator, as discussed in our paper [13]}. The reso-
nance width of 10 kHz was mainly due to the Fourier spec-
trum width of the microwave pulse with a duration of 0.1 ms.
When the focused addressing laser beam was tuned to trap 2
(Faop = 99.5 MHz), microwave resonance at a frequency of
6834.586 MHz was observed only in trap 1, and in trap 2 it
was shifted by —21 kHz and broadened to 24 kHz by the
addressing radiation (Fig. 4b). When the beam was tuned to
trap 1 (Faop = 100.5 MHz), microwave resonance at a fre-
quency of 6834.586 MHz was observed only in trap 2, and in

trap 1 it was shifted by —22 kHz and broadened to 14 kHz by
the addressing radiation (Fig. 4c). The widths and shapes of
the shifted microwave resonances were somewhat different in
traps 1 and 2. This indicates a certain difference in the param-
eters of the addressing radiation, which could be associated
with insufficiently accurate coincidence of the addressing
beam with each of the traps.

It can also be seen from Figs 4b and 4c that, with fine
tuning to an unbiased microwave resonance with a fre-
quency of 6834.586 MHz in one trap, the wing of a shifted
resonance in another trap at this frequency has an amplitude
of up to 12%—15%, which is actually a crosstalk upon indi-
vidual addressing. To reduce it to 5%—10%, the radiation
power of the addressing laser could be increased by several
times.



Implementation of one-qubit quantum gates with individual addressing

469

Then, an experiment was carried out to observe Rabi
oscillations upon individual addressing of ’Rb atoms in two
traps when interacting with resonant microwave radiation
tuned to the centre of the clock transition at a frequency of
6834.586 MHz. The dots in Fig. 5 show the experimentally
obtained Rabi oscillations. Each point corresponds to aver-
aging the measured signal over 50 realisations. When the
focused addressing laser beam was tuned to trap 2 (Faop =
99.5 MHz), Rabi oscillations were observed only in trap 1,
and in trap 2 they were suppressed (Fig. 5a). When the beam
was tuned to trap 1 (Faop = 100.5 MHz), Rabi oscillations
were observed only in trap 2, and in trap 1 they were sup-
pressed (Fig. 5b). The amplitude of the first Rabi oscillation
reached 97%-98%, and crosstalk of individual addressing
was less than 8% in trap 2 (Fig. 5a) and less than 5% in trap 1
(Fig. 5b).

As noted in our paper [13], the clock microwave transition
in the ¥Rb atom under ideal conditions (without parasitic
processes) is an ideal two-level system without relaxation of
populations and phases. In such a system, Rabi oscillations
do not decay. However, in practice, there are always parasitic
processes (fluctuations in the frequency and power of the
microwave generator, magnetic field noise, transitions
induced by background thermal radiation, fluctuations in the
exact resonance frequency due to light shifts induced by the
dipole trap laser), which lead to damping of Rabi oscillations
and stabilisation of the populations at some stationary val-
ues. In this case, the time evolution of the populations in the
two-level system is described by a more complex expression.
In Ref. [13], we used a formula from our paper [23], obtained
by solving equations for the density matrix in the presence of
relaxation of populations and phases. However, it seems
more adequate to use another formula that we obtained ana-
lytically in Ref. [24], where only the relaxation of phases with
a rate I is taken into account, but there is no population
relaxation in the two-level system. In Ref. [24], it was derived
for the evolution of populations in the dipole-dipole interac-
tion of Rydberg atoms, but after redefining the variables, it is
applicable to our case as well. For the probability of a micro-
wave transition in a two-level system with phase relaxation,
this formula reads

%2 Q?
— exp|— I't)—
+ p( Q'+ 5 )

Q2 ( QY2+ 6
Q@+ Q@+

Fz)cos( Q*+ 5. ()

Here Qis the Rabi frequency of the magnetic dipole clock
transition, and 0 is the detuning from the exact clock
transition frequency, taking into account the possible
light frequency shift under the action of the dipole trap
laser, if the measurement is carried out with the trap
turned on. Formula (1) is valid at € > 3T i.e., at a suffi-
ciently slow phase relaxation. It also describes the spec-
trum of the transition when scanning J, the interaction
time 7, being fixed.

In exact resonance (6 = 0), the population oscillates
between the initial and final states at the frequency €2 (Rabi
oscillations):

p(t) ~ %[l — exp(— %)cos(!)t)]. 2

In the absence of phase relaxation (I" = 0), Rabi oscilla-
tions last infinitely long. For I'# 0, the coherence (decay)
time of Rabi oscillations can be defined as r = 2/I"and mea-
sured by making a comparison between experiment and
Eqn (2). At t - oo, the population reaches the stationary
value 1/2.

Solid curves in Fig. 5 show the results of the approxima-
tion of experimental points in both traps using Eqns (1) and
(2). For non-addressed traps with complete Rabi oscillations,
we took Eqn (2), from which we obtained the values Q/2r =
5.0 £ 0.05 kHzand r = 4.0 £ 0.5 ms for trap 1 (Fig. 5a) and
QP2n = 5.1 £ 0.05 kHz and 7 = 4.0 = 0.5 ms for trap 2
(Fig. 5b).

For addressed traps with suppressed Rabi oscillations, we
took Eqn (1) with large detunings 6 and values of 2 measured
above. Approximate values 6/2n =20 £ 5kHzandr=0.4 +
0.2 ms for trap 2 (Fig. 5a) and for trap 1 (Fig. 5b) were
obtained from it. These values have greater uncertainty due to
the large effective Rabi frequency V Q2+ 6° at larger § and
shorter coherence time due to additional broadening and
non-Lorentzian microwave resonance contour in addressed
traps, as can be seen from Fig. 4. Nevertheless, this approxi-
mation satisfactorily describes the slow rise of the average
signal level in these traps over time to estimate crosstalk upon
individual addressing.
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Figure 5. Rabi oscillations upon individual addressing of 8’Rb atoms in traps (e) 1 and (o) 2 upon interaction with resonant microwave radiation
tuned to the centre of the clock transition at a frequency of 6834.586 MHz at Faop = (a) 99.5 and (b) 100.5 MHz.
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5. One-qubit quantum gates on microwave
transitions in two 3’Rb atoms
with individual addressing

The presence of individually addressed Rabi oscillations in Fig. 5
actually corresponds to the demonstration of individually
addressed one-qubit quantum gates from different initial states of
qubits in two neighbouring traps. The determination of the fidelity
of performing one-qubit quantum gates in each trap is performed
by experimental measurement of the transition probabilities for
Rabi oscillations and constructing truth tables, when the qubit
state vector rotates through an angle © for the NOT gate and an
angle /2 for the analogue of the Hadamard gate H for various
initial states (logical ‘0" and ‘1”). The initial state 5S;,(F =2, mp=
0) is selected as the logical ‘0”, and the final state 5S;,(F= 1, mp=
0) is selected as the logical ‘1’. To prepare the initial state ‘1, the
NOT gate is first used, which is combined with the subsequent
rotation of the qubit. The completion of each one-qubit gate cor-
responds to pre-defined areas of the microwave pulses.

Figure 6 shows an experimental record of the Rabi oscil-
lations from Fig. 5, reduced to the scale of the microwave
pulse area according to the measured Rabi frequencies in two
traps. Vertical lines set points 1 —4 for the intersection of areas
/2, m, 3n/2, and 2w with experimental oscillations to deter-
mine the fidelity of performing single-qubit gates.

In the case of the initial state ‘0’, the Hadamard gate cor-
responds to a rotation through an angle n/2, while the micro-
wave pulse ends at time 1 (pulse with area n/2). After rotation
through an angle n/2, the population at point 1 in Fig. 6a for
trap 115 0.43 £ 0.02 instead of the ideal value of 0.5. Thus, the
fidelity of the Hadamard gate from the initial state ‘0’ in trap
118 86% =% 4%. In this case, the amplitude of the cross-signal
in trap 2 is 0.037 £+ 0.01, which corresponds to an individual
addressing error of 3.7% =% 1%. A similar analysis of Rabi
oscillations in trap 2 (Fig. 6b) gives the population at point 1,
equal to 0.41 %+ 0.02, and the fidelity of the Hadamard gate
from the initial state ‘0’ in trap 2, equal to 82% = 4%. In this
case, the amplitude of the cross-signal in trap 1 is 0.078 +
0.01, which corresponds to an individual addressing error of
7.8% = 1%.

In the case of the initial state ‘0’, the NOT gate corresponds
to a rotation through the angle 7, the microwave pulse ends at
time 2 (pulse with area ). In Fig. 6a, after rotation through an
angle 7, the population at point 2 for trap 1 is 0.98 £ 0.02
instead of the ideal value 1, i.e. the fidelity of the NOT gate

from the initial state ‘0 in trap 1 is 98% =+ 2%. In this case, the
amplitude of the cross-signal in trap 2 is 0.085 = 0.01, which
corresponds to an individual addressing error of 8.5% =+ 1%.
For trap 2 (Fig. 6b), the population at point 2 is 0.97 = 0.02,
and the fidelity of the NOT gate from the initial state ‘0’ is 97 %
+ 2%, while the amplitude of the cross-signal in trap 1 is 0.01
+ 0.01 (error of individual addressing 1% £ 1%).

To construct truth tables corresponding to the initial state
‘1°, this state is preliminarily prepared by rotating the qubit
through an angle & (point 2 in Fig. 6).

To execute the Hadamard gate from state ‘1°, an addi-
tional rotation through the angle m/2 occurs, which corre-
sponds to the end of the microwave pulse at time 3. In Fig. 6,
and after rotation from point 2 through angle n/2, the popula-
tion at point 3 for trap 1 is 0.53 % 0.02 instead of the ideal
value of 0.5 (the fidelity of the Hadamard gate from the initial
state ‘I’ in trap 11is 94% £ 49%). The cross-signal amplitude
in trap 2 is 0.042 £ 0.01, corresponding to an individual
addressing error of 4.2% £ 1%. For trap 2 (Fig. 6,b), the
population at point 3 is 0.44 = 0.02, and the fidelity of the
Hadamard gate from the initial state ‘0’ in trap 2 is 88% =
4%. The amplitude of the cross-signal in trap 1is 0.018 £ 0.01
(individual addressing error 1.8% % 1%).

To execute the NOT gate from state ‘1°, an additional
rotation through an angle © occurs, the microwave pulse ends
at time 4. In Fig. 6, and after rotation from point 2 through an
angle m, the population at point 4 for trap 1 is 0.02 = 0.02
instead of the ideal value of 0, then the fidelity of the NOT
gate from the initial state ‘1’ for trap 1 is 98% =% 2%. In trap
2, the cross-signal amplitude is 0.083 =+ 0.01 (individual
addressing error 8.3% =% 1%). For trap 2 (Fig. 6b), the popu-
lation at point 4 is 0.078 £ 0.02, and the fidelity of the NOT
gate from the initial state ‘1" in trap 2 is 92% = 2%. In trap 1,
the cross-signal amplitude is 0.02 + 0.01 (individual address-
ing error 2% £ 1%).

Based on the results of these direct measurements, a truth
table was compiled for each of the one-qubit gates and cross-
talk in each of the two traps (Table 1). It can be seen from the
table that the Hadamard gates have the greatest implementa-
tion error, and the NOT gates achieve much higher fidelity.
This is due to the fact that for NOT gates in Fig. 6 the depen-
dence of the signal on the area of the microwave pulse around
points 2 and 4 is quadratic, and for Hadamard gates around
points 1 and 3 it is linear. As already mentioned, each experi-
mental point in Fig. 6 corresponds to the averaging of the
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Figure 6. Experimental records of Rabi oscillations corresponding to Fig. 5, reduced to the scale of the microwave pulse area according to the
measured Rabi frequencies in traps (e) 1 and (o) 2 at Foop = (a) 99.5 and (b) 100.5 MHz.
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Table 1. Truth table for the fidelity of one-qubit gates and crosstalk in each of the two traps from direct measurements with different initial states

of qubits.
Initial state Fidelity Addressing error Fidelity Addressing error
of a qubit of H gate uring H gate of NOT gate during NOT gate
Trap 1 Trap 2 Trap 1 Trap 2
0 86% x 4% 3.7% £ 1% 98% £ 2% 8.5% £ 1%
Trap 2 Trap 1 Trap 2 Trap 1
82% x 4% 7.8% £ 1% 97% £ 2% 1%+ 1%
Trap 1 Trap 2 Trap 1 Trap 2
. 94% £ 4% 42% 1% 98% £ 2% 8.3% £ 1%
Trap 2 Trap 1 Trap 2 Trap 1
88% = 4% 1.8% = 1% 92% £ 2% 2% £ 1%

measured signal over 50 realisations, and so the recording of
each point takes from one to several minutes. If during such a
long recording there is a drift in the intensity of the dipole
traps or the frequency of the microwave generator, this leads
to much larger signal errors at points 1 and 3, which are in a
linear section, than at points 2 and 4, which are actually in
saturation and are less sensitive to drifts.

6. Conclusions

From Table 1, it can be found that in our experiment the aver-
age fidelity of performing one-qubit quantum gates with two
individually addressed Rb atoms in two adjacent traps was
92% £ 3%, and the level of crosstalk was 4.7% £ 1%.
However, in the literature on quantum computing, it is gener-
ally accepted to present the results of measuring the fidelity of
quantum gates, renormalised taking into account the errors in
preparing the initial state and measuring the final state of
qubits, the so-called state-preparation-and-measurement
(SPAM) errors. This is because the fidelity F of performing
quantum gates in the course of the entire quantum computing
algorithm will be determined only by the error in the rotation
of the qubit state vector through specified angles and will not
depend on the SPAM error.

One of the methods for separating F from SPAM error
based on the results of direct measurements is randomized
benchmarking (RB) [25], in which a sequence of a set of ran-
domly selected one-qubit quantum gates with a known total
area of rotating pulses is performed. In the absence of a rota-
tion error, such a sequence should give a strictly defined final
state of the qubit, and in the presence of a rotation error, it
will have some error. Experiments should measure the depen-
dence of the probability of the desired final state of the qubit
on the number of rotations. In this case, the SPAM error will
only affect the measurement fidelity after the first rotation,
and the value of F'is extracted from the slope of the obtained
dependence on the number of rotations and does not depend
on SPAM error.

For example, in experimental studies [9, 10], such mea-
surements were carried out with qubits based on single Cs or
Rb atoms in arrays of optical dipole traps when performing
one-qubit quantum gates on microwave transitions, as in our
experiment. In these studies, the fidelity of obtaining a given
state after the first rotation was about 99%, and after per-
forming subsequent rotations, a much smaller average value
of the error of an individual rotation F < 1073-10~* was
determined. In fact, the first rotation error was completely
determined by the SPAM error.

Thus, the values of the accuracies presented in Table 1
based on the results of direct measurements should be renor-

malised to SPAM errors to determine the true average value
of the rotation error F (averaging is carried out over all quan-
tum gates from both initial states). Since the experimental
implementation of the RB method would require a large
amount of additional work, here we restrict ourselves to esti-
mating the magnitude of the SPAM errors in our experiments.
It is at the level of 5% and is the sum of the error of optical
pumping (2%-3 %) measured earlier in [13], the loss of atoms
from the trap during the cycle (1%-2%), and the parasitic
transfer of populations when determining the states of atoms
by the method of ejection (2%—3%). Then the obtained aver-
age fidelity of one-qubit gates of 92% = 3% should be divided
by 0.95 for a rough estimate. As a result, we obtain an esti-
mate of the true average value of the error of rotations F =
97% £ 3%. This fidelity of performing one-qubit quantum
gates with individual addressing is high enough for setting up
experiments on the implementation of two-qubit quantum
gates based on short-term excitation of atoms to Rydberg
states.
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