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Outline for the three lectures

* interacting photons in Rydberg media

(» dynamics of quantum systems with
long-range interactions)



Interacting photons in Rydberg media

References: Homework: check these out,
especially the last two
Quantum optics:

* lecture notes for Misha Lukin’s class Modern Atomic and Optical Physics I,
compiled by Lily Childress: https://lukin.physics.harvard.edu/teaching

* Meystre and Sargent, “Elements of Quantum Optics”
* Loudon, “Quantum Theory of Light”

Waveguide QED:

* Roy, Wilson, Firstenberg, “Colloquium: Strongly interacting photons in one-
dimensional continuum,” RMP 89, 021001 (2017)

Interacting photons in Rydberg media:

* Murray, Pohl, “Quantum and Nonlinear Optics in Strongly Interacting Atomic
Ensembles”, Adv. At., Mol., Opt. Phys. 65, 321 (2016)

Thanks to colleagues whose slides | am borrowing:
Misha Lukin, Bill Phillips, Thomas Ponhl,...



Outline
motivation and basic idea

E&M field quantization

propagation of light through atomic ensembles;
electromagnetically induced transparency (EIT)
Rydberg atoms

basic idea revisited

photon interacting with stationary excitation
- on resonance: single-photon switch, subtractor

- off resonance: two-photon quantum gate

dynamics of multiple photons
- on resonance: source of single photons

- off resonance: two-photon gate, bound states,
many-body physics
more applications
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Photons interact only in Sci-Fi




But light CAN act on light
under the right circumstances




One of the first scientific achievements
following the first laser...

...was the first demon tration of nonlin. opﬁcs

VoLuME 7, NUMBER 4 PHYSICAL REVIEW LETTERS Aucusrt 15, 1961

GENERATION OF OPTICAL HARMONICS™

P. A. Franken, A. E. Hill, C. W. Peters, and G. Weinreich
The Harrison M. Randall Laboratory of Physics, The University of Michigan, Ann Arbor, Michigan
(Received Julv 21. 1961)



The first non-linear optics needed the first laser

nonlinear prism
crystal

)

Editor re-touched signat out!
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Electrons vs. Photons

2
! 62 (large)

F_

dmeg T

transistor photons hardly interact

- ﬁh
nonlinear
— crystal

small electrical signals

control huge currents even huge optical intensities
only control tiny optical signals
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Electronics vs. Photonics

electrons photons
process information transmit information

Fiodes_bie_tin Vew o Woion o

on-chip optical
routin

Memory-fayems
Processor \ayer



Electronics vs. Photonics

electrons photons
process information transmit information
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converting photons to electrical signals is “expensive’
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Electronics vs. Photonics

electrons photons
process information transmit information
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Can we make photons process
without conversion?
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 photon-photon interactions too weak for processing
information
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Photon-photon interactions

Typical approach to achieving interactions between optical photons:

* nonlinearity induced by individual atoms (or artificial atoms)

Kimble @ Caltech

Hard!

.

) Vuckovic @ Stanford
19)



Photon-photon interactions

Typical approach to achieving interactions between optical photons:
* nonlinearity induced by individual atoms (or artificial atoms)

This talk: Map strong atom-atom interactions onto
strong photon-photon interactions



Medium where photons interact strongly

e

Map strong atom-atom interactions onto
(strong photon-photon interactions)

( photon atom atom photon
exc:lte ‘W‘ exmte ./\
Interaction
Rydberg between Rydberg
state Rydberg state

EIT = electromagnetically induced transparency

Experiments: Adams, Kuzmich, Lukin & Vuletic, Pfau & Low, Grangier, Weidemuller,
Hofferberth, Durr & Rempe, Simon, Firstenberg, Ourjoumtsev, H. de Riedmatten, etc...
Theory: Kurizki, Fleischhauer, Petrosyan, Mglmer, Pohl, Lesanovsky, Kennedy, Brion,
Buchler, Sgrensen, most experimental groups above, etc...
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Outline
motivation and basic idea

E&M field quantization
propagation of light through atomic ensembles;
electromagnetically induced transparency (EIT)

Rydberg atoms

basic idea revisited

photon interacting with stationary excitation
- on resonance: single-photon switch, subtractor

- off resonance: two-photon quantum gate

dynamics of multiple photons
- on resonance: source of single photons

- off resonance: two-photon gate, bound states,
many-body physics
more applications



E&M field quantization

* Lukin/Childress lecture notes
* Meystre and Sargent, ' Elements of Quantum Optics"

 consider free field (no sources)

* Maxwell's equations = wave equation

1 O°E
VZE — 0
c? Ot?
. . . 1 OE .
* knowing E, find Bvia V x B = 5 5 (Sl units used)
C

* large cavity of length L & volume V/,
with E = 0 on mirrors

* eigenmodes = standing waves
| sin(kjz) kjL=mj

i=1,2,3,...
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( » could do periodic boundary conditions => running waves )

 consider z-polarized field

2u7
Eq;(z,t) — Z q)—‘J/Qj(t) Sin ]CjZ Vi = ij
]

|

amplitude

= By(z,1) = C%Z qjk(t)

Aj

Aj cosk;z
J
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* classical energy:

1 1
H = / dV <€0E2 B2>
2 o

22 @2 1 L1
— Z ijqj } q23 — 5 Z (V?q? —|—]§?) = Z hv (a;aj + —>
J J

. 2
J

* iIndependent harmonic oscillators with frequency v;,
unit mass, position ¢;

- Quantization: ¢; — ¢; q; — D; Gi, D] = 1hd; i
[ A . /\T L . .,
e creation/annihilation: IR aj’] — 53,9
= i) 6= (43)
J S, 745 T P q; 20, J ]

N . NN L N
= o, V0 TP P = < (4 -4))
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« £ component of electric field operator

ZA (5 QVJ ;r)sink:jz

> 4

~

\/hyj—| tric field per phot
eov—eeC”C I€1d per pnoton

(makes sense: hv; ~ energy ~ egE°V)

» for running waves, including all polarizations & directions
B(r) = E(r) + E(r)

transverse
polarization
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Atom-field interactions
» starting point: dipole Hamiltonian for a 2-level atom
f/af - —E-d 2) —
—(& + &N - ((21d[1)[2)(1] + (1[d]2)[1)(2])

. 1) —
* 4 types of terms:
al2)(1]  abral allend] afj)
(Heisenberg evolution under H = hv;a A;LAJ a;(t) = a;(0)e"""i")

* RWA = energy conservation

cwith RWA: Vp = = hgical2) (1dy.0 + hoio|1) (20,
k,«

: : hV] ik-r
* single-photon Rabi frequency: 9k, = f 9e V
0
(|

] (kz) ) Ha = <2‘da|1>
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Remarks

* no sources (V - E = 0), wave equation
= didn’t need A; used Vaf — —E-d

= didn’t need to choose gauge

* with sources (V - E # 0), no wave equation
= need A
= choose Coulomb gauge V- A =0

= quantized similarly to this lecture
[see Cohen-Tannoud;ji et al., "Photons and Atoms’]
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Medium where photons interact strongly

( )

photon atom atom photon
exc:lte ‘W‘ ex0|te ./\
Interaction
Rydberg between Rydberg
state Rydberg state

via states via

EIT = electromagnetically induced transparency
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Outline

« propagation of light through atomic ensembles;
electromagnetically induced transparency (EIT)
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Three-level medium

E2
E .
. A = cross section of beam and of ensemble
‘g}m W) = Wy + A W, = w,, — A

; 1/2

A 0)) :

EI(Z) = € 1 Jda)aweza)z/c +h.c. Loudon, “Quantum Theory of Light”
47Z'C€0A

[&w, &Z),] = 0w — W)

E (1) = ¢, &5(H)cos(m,t) Fleischhauer, Lukin, PRA 65,0223 14 (2002)
AVG, Adre, Lukin, Sorensen, PRA 76,033805 (2007) »
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Three-level medium

) " A A

N
>-+----IA HO — da)ha)&T Z (ha)rgarr + hweg 66)
=1

E, ﬁ‘, [E,(1) + ,(z)]

g) Lee

e

| A o
— |dwa,, ew’“" +h.c. )
C
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_h Z (Q(t) e~ 4 g

6 = 1)V

Q) = (r|(d - &) | )&,(r)/(2h) = Rabi frequency

A 601
g=<e|<d-el>|g>\/2h€A
0

pulse takes time z/(2€2)

o | will often set 7 =1
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Three-level medium

define slowly varying operators

0 L 2 < thin enough that fields continuous

e assume almost all atoms In

ground state at all times

KN > 1 atoms . | homework
: n= atom density exercise

N
Pi(z,1) = \/Eﬁ Z 6, (1)e =4O [P(Z, N, P(z, t)] =0(z —2')
Z =1

9)¥22%  creates |e) excitation at 2
I
§i(et) = Ve 3 B (nemoios 8 1), 812 )| = (- 2)
? =1

creates |1') excitation at z

A 1 . . A A
&'(z,1) = 4 /z—e"wl(t_z/c)jda)&z)(t)e_’m/c [%(Z, 1, &' (2, t)] =6(z—2))
ic

creates photon at z
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Three-level medium

") Q,\ H - SN collective
Vs n T chdz%T(z)a—Z%(Z) (enhancement
|€>'+'"'IA +sz —AP(2)P(z) - <Q(t)§f(z)p(z) + gV/nP (&) +h.c.>

g

% ¥ Heisenberg evolution:
(0, + ¢0,)& = ig\/nP
0P = iAP + ig\/n& + iQS —yP ++/2yF,

g) Lo

0,S = iQ*P —y.S +1/2y.F Langevin noise
only nonzero noise correlations are:
(Fp(z, DF(, 1)) = 8(z — 2)6(t — 1) (F)=(FF)=(F'F)=0

(Fy(z, DF}(, 1)) = 8(z = 2)8(1 = 1)
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Three-level medium
\”'>—q“ 0, + ¢0,)& = ig\/nP
’s 0,P = — (y —iDP +ig\/n& +iQS + /2y F
TIA 0.8 = — v, S +iQ*P + /2y Fy

y » assume all atoms initially in ground state, I.e.
& no P or S excitations

e assume 1 incoming photon

g) Lo

|y (1)) = szE(z, t)%*(z) 10) + szP(z, NPT () 10) + szS(z, t)ST(z) 10)

(0, + ¢d))E = ig\/nP E(z,t=0)=P(z,t=0)=S(zt=0)=0
0P =—(y—1A)P+ig\/nE + i€QS
t v E(z =0,1) = E;, (1)
0,S = — }/5/ + iQ*P

* same as equations for coherent input
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No atoms

(0, + co)E = ig\/EP
0P = — (y — iA)P + ig\/nE + iQS
0,S = iQ*P

sanity check: no atoms

g\v/n =20
(0,+ci)E=0

E(z,t) = E(0,t — z/¢)

undistorted propagation at ¢

T N

33



Two-level medium

(0, + co)E = ig\/EP
0P = — (y — iA)P + ig\/nE + iQS
0,S = iQ*P

assume: resonant incoming photon, no control

34



Two-level medium

(0, + co)E = ig\/EP
0P = — (y — iA)P + ig\/nE + iQS
0,S = iQ*P

assume: resonant incoming photon, no control

(0, + co )E = ig\/EP
0P =—yP+ ig\/;l:?

doE(w,)e ™!

dwP(w,t)e "

35



Two-level medium

(0, + ¢d,)E = ig\/nP
0,P = — (y — iA)P + ig\/nE + iQS

2,5 = iQ*P
€ : :
)7 n assume: resonant incoming photon, no control
E 7 A=0 Q=0
(0, + co )E = ig\/EP
000 r
|g>y§a) ath—yP+ig\/;E

E(z,?) = | doE(w, t)e !

P(z, 1) = | doP(w,t)e™ "

(—iw + cd)E = ig\/nP
—iwP = —yP + ig\/EE

36



Two-level medium

(—iw + c@Z)E = ig\/;P

—iwP = —yP + ig\/ZE

- . 2°n .
co k= | iw . E
Yy — il

E(L,w) = E(0,m) exp | iw

E(L, w) = E0,w) exp |iw— —

|E(L,w)|”> = | E(0,0)|” exp

o

L gan/c_
c y—Ilw
L dy

c y—Ilw

2d

I —(w/y)*

igy/n

Yy — W

ey
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Two-level medium
i 2d

|E(L,w)|> = | E(0,0) | exp

. . _ _2d
onresonance: [ =1 e

» 2d = optical depth

e assume d > 1

absorption line

I I A

- (a)/;/)z_
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[Electromagnetically induced transparency (EIT)

‘T> (0, + co)E = ig\/EP
Q) 0,P = — yP + ig\/nE + iQS
0,S = iQ*P
€)% C, * assume Q real
E 7 = 5 E(z,t) = | doE(w,t)e™"
(—iw + c0,)E = ig\/nP “h= ,
—iwP = —yP + ig\/ZE +iQS i
|g>-m§ _ _ P(iz.1) = | d P f —iwt
ot —iwS = iQP &1 = |doll@, e
° at G):O P=0 \/_ S(Z,t) — jd@g(w,t)e_iwt
N n .
5= _VTg
Q

aZE = (0 perfect transmission, i.e. no scattering

Dark-state polariton: coupled atom-photon excitation
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Electromagnetically induced transparency (EIT)
\7”‘} (—iw + c&Z)E = ig\/Zf’
0 —iwP = — yP + ig\/nE +iQS
—iwS = iQP

€)
Qq *near w =0 _
Y

) } 2dy%»?|  homework
ELo) >~ | EQ0) [ exp| - =1

O4 exercise

|g> 'y_‘:?;a) - LOr

O o8k
(dp)
D 0.6F

Eoa \ -

|g)—|e) absorption line

o 0.2F >
-

-+ o NNy
O'0—10 -5 0) 5 10

» EIT transparency window of bandwidth @g;; ~

rV/d )



Electromagnetically induced transparency (EIT)

) (—iw + c0))E = ig\/Zf’
0O —iwP = — yP + ig\/nE + iQS
—iwS = iQP
e)
l’_k}, *near o =0 homework
E . W . 02 exercise
dZE ~1—FE V, R ——C <L
v 2n
1 000 g
9) 1%,
(0, +v,0)E =0 reduced group velocity
“slow light”
<

>

* pulse compression
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Electromagnetically induced transparency (EIT)

1.0F 11.1 A
) S =
D 0.8 41.05 Q
0O D 0.6 | &
- 1 <
7 04 D
e) -rq 5 .
O'0—10 X
E 7
dZE ) ~——Cc K¢
000
9) T to
(0, +v,0)E =0 reduced group velocity
“slow light”
2

>

* pulse compression
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Photon storage and retrieval

) » dark state polariton
0 W) ~ | defte = v (28 - 625 10)
e) Tli » while pulse is inside medium, turn Q off

)

| y) ~ sz f(2)S7(z)|0) photon stored in “spinwave’

9) ,m;a) * when turn Q back on, photon is retrieved

Q? .
v, ¥ ——c reduced group velocity
gn

8

<
>

* pulse compression
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Off-resonant two-level medium
(0, + ¢d,)E = ig\/nP
0P = — (y — iA)P + ig\/nE
 Fourier transform in time & drop 7:
(—iw + ch)E = ig\/Eﬁ
—iwP ~ iAP + ig\/nE

large A

44



Off-resonant two-level medium

(0, + ¢d,)E = ig\/nP

0P = — (y — iA)P + ig\/nE arge 4
 Fourier transform in time & drop 7:
(—iw + c@Z)E = ig\/zﬁ
—iwP ~ iAP + ig\/nE
*near w =0:
o, E ~ ig\/ZIN’
0 ~ iAP + ig\/nE ﬁz—g\A/;E
dZE N — i%ﬁ
Ez=L w=~0)~ E(z=0,0~0) exp —i%

« atoms imprint a phase on photon

45



EIT with large single-photon detuning

‘T> (—iw + CGZ)E = ig\/EP arge A
|Q —iwP = — (y — iA)P + ig\/nE + iQS

1A —iwS = iQP

€] \”l,\ eat w=0:

Y

same as for A =0

P=0 S SVE
| 000 — —_ —
9) 1%, Q

0,E =0 perfect transmission due to EIT

E

Dark-state polariton: coupled atom-photon excitation
[Fleishhauer & Lukin, 2000, 2002]

(0, +Vv,0)E =0 reduced group velocity
“slow light”
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Medium where photons interact strongly

photon atom atom photon
./\ exc:lte ‘W‘ exc;|te ./\
Interaction
Rydberg between Rydberg
state Rydberg state
via[EIT [ states J via[EIT

EIT = electromagnetically induced transparency

Summer school lectures by Browaeys, Hazzard,
and possibly Kaufman, Bakr, etc...
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Outline
motivation and basic idea

E&M field quantization

propagation of light through atomic ensembles;
electromagnetically induced transparency (EIT)

Rydberg atoms

basic idea revisited

photon interacting with stationary excitation
- on resonance: single-photon switch, subtractor

- off resonance: two-photon quantum gate

dynamics of multiple photons
- on resonance: source of single photons

- off resonance: two-photon gate, bound states,
many-body physics
more applications
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electronic levels In atom:

electron wavefunction

nucleus

S
|
(-
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electronic levels In atom:

TLZS A
n=—==2

S
|
-
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electronic levels In atom:
e 4 A

n==2

S
|
ek
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electronic levels
n:
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erg states

» huge size: 7 ~ n°

* huge electric dipole moment

* * strong, distant interactions
map on strong, distant photon-photon interactions
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Outline
motivation and basic idea

E&M field quantization
propagation of light through atomic ensembles;
electromagnetically induced transparency (EIT)

Rydberg atoms

basic idea revisited

photon interacting with stationary excitation
- on resonance: single-photon switch, subtractor

- off resonance: two-photon quantum gate
dynamics of multiple photons
- on resonance: source of single photons
- off resonance: two-photon gate, bound states,
many-body physics
more applications
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Medium where photons interact strongly

Map strong atom-atom interactions onto
strong photon-photon interactions

photon atom atom photon
./\ exc:lte ‘W‘ exc;lte ./\
Interaction
Rydberg between Rydberg
state Rydberg state

EIT = electromagnetically induced transparency
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Basic idea

ground-state atoms

0O
00~ o0 o <A\

* one photon (polariton) drags along a Rydberg excitation



Basic idea

ground-state atoms
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* one photon (polariton) drags along a Rydberg excitation

» another photon drags along a Rydberg excitation

* Rydberg excitations feel strong, distant interactions

= strong, distant photon-photon interactions



Outline

» photon interacting with stationary excitation
- on resonance: single-photon switch, subtractor
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