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Ground states to highly-excited Rydberg states
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Some notes on the Rydberg project (date 06/07/06)

Unique features of our experiment.

1. Aim to detect Rydberg excitation purely optically, all other groups use ionisation. Why do
other groups use ionisation? Because it offers very efficient detection (a micro-channel plate
can detect ions with approaching 100% efficiency).

AR

From Rydberg EIT to quantum non-linear optics CS Adams Inst. d’'Optique 03/12/14 " Durham
University



Joint

Quantum Electromagnetically induced transparency
Centre
4d5d 1 D2 Boller, Imamoglu and Harris, Phys. Rev. Lett. 66, 2593 (1991).
[51356] [ |3>
[45926] /7 st 1.0
A= 5703 nm
4d5p [Tlr2
[33827] 2> 0.5
5s5p p 9 s
[21698]
0.0 | ] | (b)
-4 -2 0 2 4
PROBE LASER DETUNING (cm-1)
5s° 'So
0 cm™ ')

AR
From Rydberg EIT to quantum non-linear optics CS Adams Inst. d’Optique 03/12/14 " Durham
University



Qloantum Ladder EIT with Rydbergs?

Centre

J Gea Banacloche, Y Li, S Jin, M Xiao, Phys Rev A51, 576 (1995).

S Badger, IG Hughes and CS Adams, J. Phys. B 34, L749 (2001).

0.98

8Rb 87Rb (a)

5D5.-’2

e —

SDSIZ

W g b —

0.971

—rd e
o= W
o
[de]
[+)]

transmission
o
(o]
o

0.941

0.931

0.9 : : :
| -200 -100 0 100 200
laser detuning (MHz)

AR
From Rydberg EIT to quantum non-linear optics CS Adams Inst. d’'Optique 03/12/14 " Durham
University



int . .
legﬂtum Ladder EIT: limited utility?

Centre

REVIEWS OF MODERN PHYSICS, VOLUME 77, APRIL 2005

Electromagnetically induced transparency: Optics in coherent media

Michael Fleischhauer

Fachbereich Physik, Technische Universitit Kaiserslautern, D-67663 Kaiserslautern,
Germany

Atac Imamoglu

Institute of Quantum Electronics, ETH-Hénggerberg, HPT G12, CH-8093 Ziirich,
Switzerland the ladder and vee configu-

Jonathan P. Marangos rations illustrated in Fig. 6 are of more limited utility

Quantum Optics and Laser Science Group, Blackett Laboratory, Imperial College, London
SW7 2BW, United Kingdom

| 2) 13)

[1) [1)

FIG. 6. Ladder (left) and vee-type (right) three-level schemes.
These do not show EIT in the strict sense because of the ab-
sence of a (meta)stable dark state.
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Ladder EIT with Rydbergs? A problem
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PHYSICAL REVIEW A 72, 043803 (2005)

Long-range interactions and entanglement of slow single-photon pulses

Inbal Friedler,' David Pel:rc:}S),ran,2 Michael Fleischhauer,3 and Gershon Kurizki'
]Deparrmem of Chemical Physics, Weizmann Institute of Science, Rehovot 76100, Israel

Institute of Electronic Structure & Laser, FORTH, GR-71110 Heraklion, Crete, Greece
3Fachbereich Physik, Universitdit Kaiserslautern, D-67663 Kaiserslautern, Germany
(Received 7 March 2005; published 5 October 2005)

We show that very large nonlocal nonlinear interactions between pairs of colliding slow-light pulses can be
realized in atomic vapors in the regime of electromagnetically induced transparency. These nonlinearities are
mediated by strong, long-range dipole-dipole interactions between Rydberg states of the multilevel atoms in a
ladder configuration. In contrast to previously studied schemes, this mechanism can yield a homogeneous
conditional phase shift of 7 even for weakly focused single-photon pulses, thereby allowing a deterministic
realization of the photonic phase gate.
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J. Phys. B: At. Mol. Opt. Phys. 41 (2008) 201002

J. Phys. B: At. Mol. Opt. Phys. 41 (2008) 201002
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Figure 4. Top: double-scan EIT for the |1) — |2) — |3) = 26d

Figure 3. Top: double-scan EIT for the |1) — |2) — |3) = 19d system with a probe power of 200 nW and coupling beam power of
system for probe powers of 450 nW (red) and 3.4 ©W (green). The 60 mW. The solid line (black) is the theoretical line of best fit giving
an EIT linewidth of 0.58 4+0.04 MHz. Bottom: population of the

Rydberg state as a function of time for the duration of the scan.
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Nonlocal Nonlinear Optics in Cold Rydberg Gases
Phys. Rev. Lett. 107, 153001 = Published 3 October 2011

5. Sevingli, N. Henkel, C. Ates, and T. Pohl

Rydberg polaritons

r)

A y Ve
V= ("{’_ Sstates (5 = & xnt!
RO i‘*[mh'
OFOOOREOCOO
> Excitation linewidth Cf)
2™ Photon |
T REOREEREO
—— ) q
1* Photon
R]“. R

OE0O00OE000

— (1)

C(t)

0

CIEOOEEEE

— ()

Cult)

OEEO0O00OEC

Transmission

0.8}
0.7
0.6
0.5}
0.4
0.3}
0:2¢
0.1}

ol . . . .
-10 -5 0 5 10

Ap/2m (MHz)

Pritchard et al, PRL 105, 193603 (2010)

- 10 pW
- 40 pW

From Rydberg EIT to quantum non-linear optics CS Adams

Inst. d’'Optique

AB '
osnzia QP Durham

University



oint ) ) ) )
QJuantum Glant optlcal non-Ilnearlty
Centre

Optical Kerr effect
Rydberg non-linear optics, 3 9
Pritchard et al., Aqﬁ = kX( )|gph| 14

Ann. Rev. of Cold At nd Mol., 1, 301 (2013).
CarXiv:1205.4890)

Kerr non-linearity

[vi]
10° F Rydberg (this work) |
B Deterministic photon gates_ _ _
107° F .
C‘"]_H [¥]
' Slow light BEC
C:\I> ]_U—J.U L [1v] -
= Quantum dots B
q _1s [iii]
= 10 - L“J .............. i
Si
1{-}_20 L [1] -
10—25 | | | | | ]
1960 1970 1980 1990 2000 2010
Year

DR

From Rydberg EIT to quantum non-linear optics CS Adams Inst. d’'Optique 03/12/14 " Durham
University



oint
quantum A photon-photon processor?
Centre

Rydberg non-linear optics,

Pritchard et al., A = kX(B) |gph|2€

Ann. Rev. of Cold At nd Mol., 1, 301 (2013).
Xiv:1205.4890 .
Car v > Input Processing Output

Kerr non-linearity

o |
[vi] i
100k Rydberg (this work) | AN\~ o W\P
B Deterministic photon gates_ _ _ N | 2. |
: |
- F s |
107° F {1 N\~ P
a0 [+] % \/\/‘v\’
' Slow light BEC
C:\I> ]_U—J.U L [1v] -
= Quantum dots B
= L [iii]
}(. J_{) = .......L.i.ij .............. -
Si
10-20F lil i
10—25 1 1 1 | | 1
1960 1970 1980 1990 2000 2010
Year

DR

From Rydberg EIT to quantum non-linear optics CS Adams Inst. d’'Optique 03/12/14 " Durham
University



oint
QJuantum A photon-photon processor?
Centre

Rydberg non-linear optics,

Pritchard et al., Aqb — kX(B) |gph’2€
Ann. Rev. of Cold At nd Mol., 1, 301 (2013).
Xiv:1205.4890 .
Car v > Input Processing Output
Kerr non-linearity =
[vi] 3

100k Rydberg (this work) | A%

R Deterministic photon gates_ __ § | s
107° 1 VYV~ s

— . “',‘ \/\/\f\”

Slow light BEC

A
A

-~

& 107r . M JH Shapiro,
E, Quantum dots Single-photon Kerr nonlinearities do not help quantum computation,
— s [iii] Phys Rev A 76, 062305 (2006)
\\._..-}( l{) e eI asanss L-l-lj .............. —
Si J Gea Banacloche,
20 i Impossibility of large phase shifts via the giant Kerr effect with
10 7 single-photon wave packets, Phys Rev A 81, 043823 (2010)
10-25 | : | | : Nonlocal Nonlinear Optics in Cold Rydberg Gases

1960 1970 1980 1990 2000 2010 Phys. Rev. Lett. 107, 153001 — Published 3 October 201
Year S. Sevingli, N. Henkel, C. Ates, and T. Pohl

DR

From Rydberg EIT to quantum non-linear optics CS Adams Inst. d’'Optique 03/12/14 " Durham
University



Joint

Quantum Rydberg quantum optics
Centre
Georgia Tech Harvard/MIT Durham
Dudin et al, Science 336, 887 (2012) Peyronel et al, Nature 488, 57 (2012) Maxwell et al, PRL 110, 103001 (2013)

~ 0

b Photon-photon separation, vt (um)
80 i 0 100 200 300 400 500
1 ‘0 sz o T T T §I T T
—_— 40 ‘ §
™ 0
E "Time delay (us) ® 5w 0
05 r S -40-20 /0 20 40
T S
0.4 ol ) . L - u
- 0 025 05 0.75 -
0.0 - . . ol PPN RS L plus Heidelberg, Garching, Stuttgart,
40 60 80 100 0 0.5 1 1.5 .
= Paris, ICFO
7 (us)

AR
From Rydberg EIT to quantum non-linear optics CS Adams Inst. d’Optique 03/12/14 " Durham
University



oint : :
QJuantum A? Interface: optical, THz, microwave and rf
Centre
1 —-100 GHz Cs levels
ns ‘ np Q00 —— - - I
— 1534.6
600 {
s 917.5
=
= o
= 400t
. S — 875 -
fmg 0.452 THz
200 =
852.3 e |
i3
873 -
DAl
From Rydberg EIT to quantum non-linear optics CS Adams Inst. d’Optique 03/12/14 " Durham

University



Joint

Quantum Experiment: laser cooled Rb atoms
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