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Atom in a ground 
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Rydberg atom with n >> 1

Quantum numbers: n , L

n - principal quantum number

L - orbital moment
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Selective Field 
Ionization detector

Atom counting with CEM

n=2.2

n=0.6

Ryabtsev et al., PRA 76 (2007) 012722
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MOTIVATION

• Laser and microwave spectroscopy

• Collisions and chemionization

• Photoionization

• Ultracold plasmas

• Many-body phenomena

• Neutral atom quantum computing

• Single-photon sources

• Electric-field sensors
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Energy levels in Rb atoms Microwave transition

Circular Rydberg state

Experiments of S.Haroche
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Experiments of S.Haroche
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Experiments with Na atomic beam

Na oven
Т= 450-
600 К Channeltron
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Three-photon laser excitation spectrum 
of nP Rydberg states in Na atoms 
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Multiphoton microwave transitions from the 36P state
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dc Stark effect on microwave transitions from 35P state

Stark map of Na Rydberg states
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Quantum interferometry of degenerate Rydberg states
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Phase shift from the electric-field pulse

Population of the final state

I.I.Ryabtsev and I.M.Beterov, Phys. Rev. A 61, 063414 (2000)
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I.I.Ryabtsev and I.M.Beterov, Phys. Rev. A 61, 063414 (2000)

Quantum interferometry of degenerate Rydberg states
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Population of the final state

I.I.Ryabtsev and D.B.Tretyakov, 
Phys. Rev. A 64, 033413 (2001)

Microwave Hanle effect for degenerate Rydberg states

Spectra without magnetic field
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Microwave Hanle effect

I.I.Ryabtsev and D.B.Tretyakov, Phys. Rev. A 64, 033413 (2001) 17



Stark-switched interferometer for non-degenerate states
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Two 
interactions

One 
interaction

Stark-switched Ramsey interferometer

I.I.Ryabtsev, D.B.Tretyakov, and I.I.Beterov, J. Phys. B 36, 297 (2003) 19



Decoherence of Rydberg states

Na+ Na
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Collisional ionization
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Phys. Rev. A 2009, v.79, p.052504

Interaction with 
blackbody  radiation

Opt. Sectr. 1989, v.66, p.36
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Photoionization
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Magneto-optical trap

5P3/2

5S1/2
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Схема переходов

Лазер
перекачки

Охлаждающий
лазер

Image of a cloud 
of cold Rb atoms 
obtained with a 

CCD camera
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Spectroscopy of microwave transitions

K. Afrousheh et al. PRA 73 (2006) 063403 22



Microwave spectroscopy of long-range interactions

W. Li et al. PRL 94 (2005) 173001

K. Afrousheh et al. 
PRL 93 (2004) 233001
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Ultracold plasma formation

M. Robinson   et al.   PRL 85 (2000) 4466
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  1 
strongly 
coupled
plasma
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Qubits of a quantum computer –
single trapped neutral atoms in optical trap arrays

Satisfy the DiVincenzo’s criteria for qubits of a quantum computer

Qubit levels – two 
hyperfine sublevels 
of the ground state

F=2

F=1

5S1/2
87Rb6.8 GHz
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Optical dipole traps and lattices
Atom  potential 

in the laser  field:
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Red 
detuning

Blue 
detuning

Atoms are trapped
in the maxima or
minima of tightly
focused laser field
or standing light
wave, and can be
readily scaled to
large arrays.
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Experiments of Moscow State University on 
trapping Rb Atoms in large trap arrays

Fluorescence image of single Rb atoms 
in a 10x10 trap array

Averaging over 100 shots



One-qubit rotation

Universal quantum gates
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Two-qubit 
quantum 
phase gate

Conditional quantum phase gate |a b  exp(i  a1 b1 ) |a b
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One-qubit gate: a rotation by arbitrary angle

           NOT
Raman or microwave transition between qubit levels

31

Rabi population oscillations at various phases correspond  to various one-qubit gates.
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Addressing single Cs atoms by focused beam at 459 nm, producing the light shift of 33 
kHz. For one trap the average one-qubit fidelity is F = 0.9923, and the crosstalk is 1-5%.
The main error sources are finite atom temperature (5-10 µK), magnetic field noise and 

repumping at blowing-away. 
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An array 4×4 of optical dipole traps for Rb atoms. The average error per gate 
for Clifford gate sequence is 3×10-5 due to compensation of DLS at circular 

laser polarization and active magnetic field stabilization below 1 mG.
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LASER LASER

DD or vdW
interaction

RYDBERG
ATOM 1

RYDBERG
ATOM 2

Two-qubit gates based on laser excitation 
of neutral atoms to Rydberg states and their interaction
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D. Jaksch   et al. PRL 85 (2000) 2208;    M.Lukin   et al.   PRL 87 (2001) 037901
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V ~ 100 MHz   at   n = 100, R  5 µm



Dipole blockade in mesoscopic ensembles

|g

|r
one atom

M. Lukin   et al.   PRL 87 (2001) 037901

M.Saffman et al., Rev. Mod. Phys. 82, 2313 (2010)

D.Comparat et al., J. Opt. Soc. Am. B 27, A208 (2010)
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two atoms

= |rg+|gr
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M.D.Lukin et al., Phys. Rev. Lett., 2001, v.87, p.037901

CZ quantum gate with dipole blockade
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Fidelity of two-qubit gates F~80%.
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Fidelity of two-qubit gates for neighboring qubits F~90%.
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Fidelity of two-qubit 
gates for 

neighboring qubits 
F~97% 

due to laser phase 
noise suppression.
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Our Rb magneto-optical trap 
with detection system for Rydberg atoms

Rb
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Tretyakov et al., JETP 108, 374 (2009) 42



Experimental setup
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Experimental setup
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Field 
ionization 
detector
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1 mm

1 mm

Cold Rb atom cloud

No meshes                              With meshes
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Lifetime of Rb(37P)

Experiment :      Tretyakov et al., JETP 108, 374 (2009)
Theory at 300 K : 37P  43 s Beterov et al., PRA 79, 052504 (2009)
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Center of cold atom cloud
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Rydberg states of Rb atoms in the electric field

R.Low et al., http://arxiv.org/abs/0706.2639v1 50



Stark effect on the microwave transition 37P3/2  37S1/2
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Three-photon laser excitation with cw lasers

I.I.Ryabtsev et al., Physics − Uspekhi 59, 196 (2016)

37P3/2

37P3/2
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Spectra of three-photon laser excitation 
of high Rydberg nP states in Rb atoms
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Doppler- and recoil-free laser excitation of Rydberg 
states via three-photon transitions
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I.I.Ryabtsev et al., Phys. Rev. A, 
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E.A.Yakshina et al., JETP 130(2), 170 (2020)

Observation of partial dipole blockade for 81P3/2 and 110P3/2 states
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nP
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Conditional Quantum Phase Gate 
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Förster resonance in Rydberg atoms Rb(37P3/2)
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Förster resonance for Rb(nP3/2) atoms
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I.I.Ryabtsev, D.B.Tretyakov, I.I.Beterov, V.M.Entin, PRL 104 (2010) 073003
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Förster resonance in Rydberg atoms Rb(37P3/2)



Förster resonances
Rb(nP3/2)+ Rb(nP3/2) Rb(nS1/2)+Rb([n+1]S1/2)

D.B.Tretyakov et al., Phys. Rev. A 90, 041403(R) (2014)
E.A.Yakshina et al., Phys. Rev. A 94, 043417 (2016)

RF field
at 90 MHz
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RF-assisted 
Förster
resonances 
for 37P state 
at 15 MHz

D.B.Tretyakov et al., 
Phys. Rev. A 90, 
041403(R) (2014)
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RF-assisted 
Förster
resonances 
for 39P
state

D.B.Tretyakov et al., 
Phys. Rev. A 90, 
041403(R) (2014)
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Floquet sidebands at rf-modulation of Rydberg states
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RF-assisted Förster resonances in the Floquet states picture

D.B.Tretyakov et al., Phys. Rev. A 90, 041403(R) (2014) 64



Energy defects of Förster resonances in Rb atoms

Interaction of any Rydberg atoms with large principal
quantum number can be converted from van der Waals
to resonant dipole-dipole using radio-frequency
assisted Förster resonances with  < 1 GHz !
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~105 Cs(35P3/2) atoms in the
volume of ~200 m in size|M|=1/2

|M|=3/2
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Three-body Förster resonances for Rb(37P3/2) atoms

D.B.Tretyakov, I.I.Beterov, E.A.Yakshina, V.M.Entin, I.I.Ryabtsev, 
P.Cheinet, and P.Pillet, Phys. Rev. Lett. 119, 173402 (2017) 67



Borromean three-body interactions of Rydberg atoms 

Why Borromean?
Borromean rings 
consist of three 
circles which are 
linked, but removing 
any ring results in 
two unlinked rings.

Borromean FRET is 
featured by the 
strong three-body 
interactions
with a negligible 
contribution of two-
body interactions.
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Observation of three-body Förster resonances in Rb atoms

D.B.Tretyakov, I.I.Beterov, E.A.Yakshina, V.M.Entin, I.I.Ryabtsev, 
P.Cheinet, and P.Pillet, Phys. Rev. Lett. 119, 173402 (2017) 69



Coherence of three-body Förster resonances (full theory)

70
I.I.Ryabtsev, I.I.Beterov, D.B.Tretyakov, E.A.Yakshina, V.M.Entin, 
P.Cheinet, and P.Pillet, Phys. Rev. A 98, 052703 (2018)



Three-qubit quantum gates

Fredkin gateToffoli gate

INPUT OUTPUT

0 0 0 0 0 0

0 0 1 0 0 1 

0 1 0 0 1 0 

0 1 1 0 1 1 

1 0 0 1 0 0 

1 0 1 1 0 1 

1 1 0 1 1 1 

1 1 1 1 1 0 

INPUT OUTPUT

0 0 0 0 0 0 

0 0 1 0 0 1 

0 1 0 0 1 0 

0 1 1 0 1 1 

1 0 0 1 0 0 

1 0 1 1 1 0 

1 1 0 1 0 1 

1 1 1 1 1 1 

71

Useful for error correction and further speedup of 
quantum computation



Scheme of a 3-qubit Toffoli gate

72

983.0 simetsimTrF

I.I.Beterov, I.N.Ashkarin, E.A.Yakshina, 
D.B.Tretyakov, V.M.Entin, I.I.Ryabtsev, 
P.Cheinet, P.Pillet, M.Saffman, Phys. Rev. 
A 98, 042704 (2018)



Three-body Förster resonance of a new type 
3×nP3/2  nS1/2+(n+1)S1/2+nP1/2 for Rb atoms

(a) Calculated Stark map of Rydberg states of Rb atoms near the 70P state.
(b) Calculated Stark structure of a new-type Förster resonance for three Rb
Rydberg atoms. Crossings of collective states (indicated by numbers)
correspond only to three-body Förster resonances, when all three atoms
change their states, while two-body resonances are absent.

P.Cheinet et al., Quantum Electronics 50(3), 213 (2020). 73



Numerical results for the fidelity of new Toffoli gate

Dependence of the fidelity of the Toffoli gate on the dc electric field for
interatomic distances of 10 and 8.5 µm. The maximum achievable fidelity is
98.5%.

I.N.Ashkarin et al., Phys. Rev. A, 2022 , v.106, p.032601 74



Conditional Quantum Phase Gate |ab  exp(i  a1b1) |ab

 tt ab 2sin
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Evolution of population
at Förster resonance
in two frozen atoms:

Spatial configurations for two trapped Rydberg atoms
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Numerical modeling for Conditional Quantum Phase Gate
|ab  exp(i  a1b1) |ab
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Experimental setup for implementing individually-addressed quantum 
gates with 87Rb atoms in an array of optical dipole traps



A spatial light modulator SLM forms a trap array, and addressing laser 795 nm with
acousto-optical deflector (AOD) is used for individual addressing. SLM is a mirror
split to many 20 micron-sized elements controlled independently. It forms a mask for
the laser wave front. After focusing, an array of optical dipole traps of arbitrary
dimensions can be formed.

79

Experimental setup for implementing individually-addressed one-qubit 
gates with 87Rb atoms in an array of optical dipole traps



I.I.Ryabtsev et al., Optoelectr., Instrument. and Data Process., 56(5), 510 (2020) 80

Trapping of Rb atoms in arrays of various dimensions with 
separation of 15 µm, and corresponding phase masks of SLM



I.I.Beterov et al., Quantum Electronics 51(6), 464 (2021) 81

Trapping of two 87Rb atoms into two optical dipole traps separated 
by 9-17 µm and measurement of simultaneous trapping time



I.I.Beterov et al., JETP 132(3), 341 (2021)

The average fidelity of one-qubit gates is 95.2  3 %.
82

Rabi oscillations on a "clock" microwave transition in a single 87Rb atom 
and the truth table for one-qubit gates

Various points correspond to various one-qubit gates: 
1 - Hadamard gate form state "0";         2 - NOT gate from state "0"; 
3 - Hadamard gate form state "1";         4 - NOT gate from state "1". 

Initial qubit 
state

Result of 
performing 
the gate Н

Fidelity of 
performing 
the gate H

Result of 
performing 

the gate NOT

Fidelity of 
performing 

the gate NOT
0 0.4890,02 97.84% 0.9350,02 93.52%
1 0.4650,02 934% 0.0350,02 96.52%



I.I.Beterov et al., Quantum Electronics 51(6), 464 (2021) 83

Rabi oscillations on a "clock" microwave transition  
in two 87Rb atoms with individual addressing

The Rabi frequency is 5 kHz, contrast is 97%, and coherence time is 4 ms.
The average fidelity of one-qubit gates is 91.8  3%, crosstalk is 4.7  1 %.
For SPAM error taken into account, the fidelity of one-qubit rotations is 97 

3 %. To reduce SPAM error, we need to increase the fidelity of optical
pumping and reduce the parasitic repumping at blowing-away detection. But
it is already possible to start experiments on two-qubit gates.



Experimental setup for implementing two- and three-qubit quantum 
gates with 87Rb atoms in an array of optical dipole trap

Added are the lasers of the first (795 nm) and second (473 nm) excitation
steps of Rydberg states and an optical system to focus the second-step
laser radiation. The experiments are in progress.
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Electromagnetically induced transparency (EIT)

V.M.Entin, I.I.Ryabtsev,
JETP Lett., 2000, v.71(5), p.175

F=1
F=2

F=2

5S1/2

5P3/2

1 2
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Two long-lived 
ground-state levels 

The width of the narrow EIT dip is 
determined by the lifetimes of ground-
state levels or by transit time
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One of the long-
lived ground-
state level is 
replaced by a 
long-lived 
Rydberg state 
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SUMMARY
• Rydberg atoms have unique properties compared to low-excited atoms

and are of great interest for high-resolution laser and microwave
spectroscopy.

• Cold Rydberg atoms demonstrate strong long-range interactions which
can be used to implement two- and three-qubit gates in quantum
information processing with neutral atoms in optical lattices.

• Stark-tuned and rf-assisted Förster resonances provide fine and
flexible control of many-body interactions between Rydberg atom.

• Rydberg atoms in optical gas cells demonstrate narrow EIT
resonances which can be used as high-precision sensors of dc and ac
electric fields.

• Our current aim is to build a medium-scale quantum computer and
simulator with qubits based on single Rb atoms. We have
demonstrated optical dipole traps, single atom loading and detection,
initialization and one-qubit gates with individual addressing.

• Our experiments on two- and three-qubit gates with coherent
interactions of Rydberg atoms in optical traps are in progress.
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The team and assembled setup with Rb trap array

Thank you for your attention!


