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INTRODUCTION



RYDBERG ATOMS
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RYDBERG ATOMS

Rydberg atom
A Rydberg atom is an excited atom with an electron in a state
with a very high principal quantum number n > 50.

Rydberg electron
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RYDBERG ATOM

Distinctive properties of Rydberg states:

- an enhanced response to electric and
magnetic field

- long decay times

- electron wavepackets move along
classical orbits

- excited electron experiences Coulomb
electric potential

- radius of an orbit scales as n?

- energy level spacing decreases as 1/n?



INTERACTIONS BETWEEN RYDBERG ATOMS

- Transition dipole moment to nearby states scales as n?
- Strong dipole-dipole interactions
- The interaction strength rapidly increases with n;

- The strength of interactions for n > 100 can be comparable
to the strength of the Coulomb interaction between ions.

- Can be used for engineering of desired many-particle
states.



DIPOLE BLOCKADE

- If one atom is excited into the Rydberg state

- strong interaction shifts the resonance frequencies of all
the surrounding atoms
- suppressing their excitation.

- Rydberg blockade can be applied in

- quantum information processing
- non-linear quantum optics using Rydberg EIT



SLOW LIGHT

atthe
speed of
light?




THREE LEVEL A SYSTEM

Probe beam: Q, = pgeEp

Control beam: Q¢ = pgeFe



THREE LEVEL A SYSTEM

- Dark state
D) ~ Qclg) — Qps)
- Transitions g — e and s — e interfere destructively
- Cancelation of absorbtion
- Electromagnetically induced transparency—EIT
- Very fragile
- Very narrow transparency window
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SLOW LIGHT

Transmission
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- Narrow transparency window
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RYDBERG EIT

- EIT — atom-light interactions without absorption

- Rydberg states — strong long-range atom-atom
interactions

- As a result — photon-photon interactions.
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RYDBERG EIT

For a single incident probe photon

- the control field induces a transparency
in a narrow spectral window via EIT

- probe photon is coupled to Rydberg
excitation forming a combined
quasiparticle — Rydberg polariton

- Rydberg polariton propagates at a
reduced speed <« ¢
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RYDBERG EIT

When two probe photons
propagate in the Rydberg
medium

- strong interaction between
two Rydberg atoms tunes
the transition out of the
resonance

- destroying the
transparency and leading
to absorption.
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EXPERIMENTAL REALIZATION OF QUANTUM NONLINEAR OPTICS

A. V. Gorshkov et al, Phys. Rev. Lett. 107, 133602 (2011).

T. Peyronel et al, Nature 488, 57 (2012).
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EXPERIMENTAL REALIZATION: ATTRACTIVE PHOTONS

0. Firstenberg et al, Nature 502, 71 (2013).
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STORING SLOW LIGHT USING TWO RYDBERG STATES

J. Ruseckas, I. A. Yu, G. Juzelilinas, Phys. Rev. A 95, 023807 (2017).

- Ladder scheme with the 3 o J_p
Rydberg state s @ Vi(r;—rj)
- Storing procedure: Qe s s
1. Probe field is stored in a v
coherence between €—p—
ground state g and 0
Rydberg state s P v

2. 7/2 pulse is applied
converting the Rydberg
state |s) to a
supperposition of s and
p Rydberg states

+) = %w +15)) .



STORED RYDBERG SLOW LIGHT

- Resonance dipole-dipole
interaction between
Rydberg atoms V

- Exchange of the sand p
Rydberg states.

- During the storage
correlated pairs of atoms
are created in the initially
not populated state
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STORED RYDBERG SLOW LIGHT

- At the end of the sorage a
second 7/2 pulse is
applied, converting the
state |—) into Rydberg
state |s) and state |+) into
state |p).

- Excitations in the s state
are converted into the
probe photons,

- p state excitations remain
in the medium.
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CONSEQUENCES

- No regenerated slow light without interaction between the
atoms

- Restored probe beam contains correlated pairs of photons
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SECOND-ORDER CORRELATION FUNCTION OF THE RESTORED LIGHT

92h () ~ [V(vgor) T1?

- Allows to measure c®
interaction potential

- Corrections due to the
finite spectral width of EIT
(see red dashed curve)
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SPINOR SLOW LIGHT




SPINOR SLOW LIGHT

M.-J. Lee, ). Ruseckas, et al, Nat. Commun. 5, 5542 (2014).
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DOUBLE TRIPOD SETUP

- R.G. Unanyan, J. Otterbach, M. Fleischhauer, J. Ruseckas, V. Kudriasoy,
G. Juzelitnas, Phys. Rev. Lett. 105, 173603 (2010).
- J. Ruseckas, V. Kudriasov, G. Juzeliinas, R. G. Unanyan, J. Otterbach,

M. Fleischhauer, Phys. Rev. A 83, 063811 (2011).
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DOUBLE TRIPOD SETUP

|B1) ~ Qi1]s1) + Qi2]s2) |B2) ~ Qa1]s1) + Qaols2)

Probe fields & and & are coupled via atomic coherences if
(B1|B2) #0
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DOUBLE TRIPOD SETUP

Limiting cases:

- (B1|B2) = 0 — two not connected A schemes
- (B1|By) =1 — double A setup
- 0 < |(Bi1|B2)| <1—two connected A schemes

|B1) ~ Qu1]s1) + Quzls2) [B2) ~ Qa1fs1) + Qaals2)
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PROPAGATION OF SLOW LIGHT

Matrix representation — Spinor slow light:

_[ & _ [ O 5 - 5 0
E )7 Qo1 Qo )’ 0 9o

01 and d, are the detunings from two-photon resonance.

>

Equation for two-component probe field in the atomic cloud:

0 0 15
DE =

)8t8+ 9 —E+iv ' DE=0

Similar to the equation for probe field in A scheme, only with

matrices.

(c_l + v

A A A

D= 0501 is a matrix due to two-photon detuning,

il = ﬂ((ﬂ)—lﬁ—l
Cc

is a matrix of inverse group velocity (not necessarily diagonal).



SPINOR SLOW LIGHT

- The group velocity is a non-diagonal matrix

- Individual probe fields do not have a definite group
velocity

- Only special combinations of both probe fields (normal
modes) propagate in the atomic cloud with the definite
(and different) velocities

- This difference in velocities causes interference between
probe fields

Atomic cloud
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g
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SPINOR SLOW LIGHT FOR CO-PROPAGATING BEAMS

Two-photon detuning causes oscillations in the intensities of
transmitted probe fields

M.-J. Lee, J. Ruseckas, et al, Nat. Commun. 5, 5542 (2014).
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- Detuning can be caused by the interaction
- For example: generation of correlated two-photon states
due interaction between Rydberg atoms

J. Ruseckas, I. A. Yu, G. Juzelilinas, Phys. Rev. A 95, 023807 (2017). 28



NONLINEAR QUANTUM OPTICS FOR
SPINOR SLOW LIGHT




DOUBLE TRIPOD SCHEME WITH RYDBERG LEVELS

Double tripod atom-light coupling scheme involving the

Rydberg levels s; and ss.
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DESCRIPTION OF PROPAGATION

In the continuum approximation the probe fields and atomic
excitations can be represented by slowly varying operators
El(2), Ul(2) and ¥l (2).

The probe fields are assumed to be sufficiently weak at the
input, so that the contribution due to more than two photons
is not important

Two-excitation wave functions

D (2 7, t) =(vac|€j(z, 1) E(Z,1)|®)
De. sl(z Z/ t) :< ‘gj(za t)‘il ( { )|(I)>
Oy0(2 7, 1) =(vac|ly(z 1) ¥ (7, 1)|)
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DOUBLE TRIPOD SCHEME WITH RYDBERG LEVELS

|S1) ~ Qu1]s1) + Qua|s2), |S2) ~ Qoa1]s1) + Qaa|s2)

31



APPROXIMATE EQUATIONS FOR PROPAGATION OF TWO PHOTONS

Two-photon wave funtion
Deye, = —%(‘1’5,,»51 + @ge,)
One-photon wave functions
0, Pg,s, 2192&_1(‘1’5@ + @g;5,)
0y Pge, = QZA (Psie, + Ds;9,)

Two atomic excitations

Z ALY (0m(®e,s, + Do) + tim(Psie,, + Psys,))

2c
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EQUAL ONE-PHOTON DETUNINGS

Closed equation

_ A
10pPe;e, = _4Labsf83 e
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EQUAL ONE-PHOTON DETUNINGS: CONSEQUENCES

- When A > T, equation of propagation has the form of a
Schrodinger equation; the center of mass coordinate R
plays the role of time.

- The first term: represents the kinetic energy

- The second term: couples the linear momentum and
represents spin-orbit coupling for the photons.

- The last term: effective potential for the photons

V(r) =T'/(2LapsA) when ris smaller than the blockade
radius

34



EQUAL ONE-PHOTON DETUNINGS: CONSEQUENCES

- When A <« T, the propagation equation acquires the form
of a diffusion equation.

- The diffusion term: spreading out of the wave packet of
slow light caused by the non-adiabatic losses due to the
deviation from the EIT central frequency.

- The last term: the absorption of the photons when the
relative distance is small; the Rydberg blockade effect.
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SECOND-ORDER CORRELATION FUNCTIONS

Only the first probe beam with the amplitude a is incident on
the atom cloud; vi2/v11 = 1/2.

Second-order correlation functions normalized to the intensity
of the incident probe beam

1
G (0) = —|%es(R=L,r=0)
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SECOND-ORDER CORRELATION FUNCTIONS

0.0k
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Photon bunching, G} (0) > 1, 508 §

due to the atom-atom 522

interactions o |
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Photons are transferred from
the first to the second probe
beam due to

- atom-atom interactions

- non-diagonal elements of
the group velocity matrix




OPPOSITE SIGNS OF ONE-PHOTON DETUNINGS

- In contrast to a single ladder scheme, in the double tripod
setup the two one-photon detunings can take different
values

- Problem: the approximations leading to the single closed
equation are not valid when detunings are different.
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TWO LADDER SCHEMES

S92

No transfer of photons between probe beams.
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DESCRIPTION OF PROPAGATION

One needs to solve two coupled equations

I
0. Pe =5 T A7 (Pgys + Py

2
_ i 2A—1
Caz’(I)SjEl _59 Al ((bs]f,'l + q)sjsl)
where - -
A (135751 + A7 (I)Sjgl

e W 2 — (A7 + A
Two-photon wave funtion

1
(I)Sjgl = _§(q)gjsl + (I)Sjgl)
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BOTH PROBE BEAMS INCIDENT ON THE ATOM CLOUD
s Y7 ] | 1.00
/ ] | 098
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Z/Labs

Two-photon wave function when each incident probe beam
contains a single photon. Absolute value of one-photon
41

detuning A/T" = 2.5



SUMMARY




SUMMARY

- The double tripod scheme can combine spin-orbit
coupling for the spinor slow light with an interaction
between photons.

- Atom-atom interactions can cause transfer of photons
between probe beams.

- In contrast to a single ladder scheme, in the double tripod
setup the two one-photon detunings can take different
values.

- Large one-photon detunings lead to an effective
interaction between photons which is attractive when
detunings are equal and repulsive when they have
opposite signs.
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