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Rydberg Atoms

High principal quantum number

n> 1| (H-like)
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Rydberg Atoms

High principal quantum number

n> 1| (H-like)

Static electric field FEg

= Stark eigenstates with

permanent dipole moments

pr = Sngeag |q € [-n+1,n— 1]

Gallagher, Rydberg Atoms (Cambridge 1994)
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Static Dipole-Dipole Interaction

atomi atomj
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Atoms i, j in state |r) possess permanent dipole moments e p; ;
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Static Dipole-Dipole Interaction

atomi atom]
Pi Pi
/6 4
ri—r j

Atoms i, j in state |r) possess permanent dipole moments e p; ;
= Static DDI
Vspp = ho-;{rDijO-g'r’

o (1— 2
D;; =D(r; —rj) x pip(1=3cos76) 4 gppD strength

jr;—r |3
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Resonant Dipole-Dipole Interaction

r>—e—

Energy |E, = — 24

effective PON n* = n — ¢4; (6; quantum defect)
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Resonant Dipole-Dipole Interaction
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Resonant Dipole-Dipole Interaction

atomi
lay

War — Wrp

= |r:) |rj) — |as ) |bji): Resonant exchange (Férster process)

VRDD = h<0-l€rDijO-g,r + UgrDjiUgLr) + H.c

D;; = D(r; —rj) ox £orfar. o nd — RDDI strength

lr;—r |3
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Van der Waals Interaction
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Van der Waals Interaction
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Van der Waals Interaction

atomi atomj

Ir> /—\ Ir

(6 cx n™3) S —
Ib» Ib>

= |ry) |r;) = la; ;) |bj:): Non-Resonant DDI (Adiabatic elim. |a; ;) [b;.:))

= Energy shift of |r;) |r;) (2nd-orderin D/5)
Waw = hoy, Aijo],

2
Alr; —r;) =2 PEir)lP . Ce _ 11 ygw strength
j T

d r;—r
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Photonic phase gate with SDDI

Friedler, Petrosyan, Fleischhauer, Kurizki, PRA 72, 043803 (2005)
Shahmoon, Kurizki, Fleischhauer, Petrosyan, PRA 83, 033806 (2011) OPTICSL1, 8/09/11 - p. 8/22



Photon-Photon Interaction

Iry ,”/”‘V[;I\D\\\ Ir o> ESI
#
Q, Q
ey 1€ E = Vy Vg o E
—_— = s —
EE E
\_ {2 = m

L NS

19

Static Fie, = Stark eigenstates |r;) with SDMs p,.e, = %nqeaoez

OPTICS11, 8/09/11 — p. 9/22



Photon-Photon Interaction

Iry ///‘VIAIND\\\ Ir o> ESI
#
Q, Q
ey 1€ E = Vy Vg o E
—_— = s —
EE E
\_ {2 = m

L NS

19

Static Fie, = Stark eigenstates |r;) with SDMs p,.e, = %nqeaoez

E; — U; = cos#; —sinbv/Né,,, (i = 1,2) propagate with +v, = ¢cos® 6

OPTICS11, 8/09/11 — p. 9/22



Photon-Photon Interaction
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19

Static Fie, = Stark eigenstates |r;) with SDMs p,.e, = %nqeaoez

E; — U; = cos#; —sinbv/Né,,, (i = 1,2) propagate with +v, = ¢cos® 6

Atomic components of 0, interact via Vspp = induces XPM

Resonant DDI (state mixing) is suppressed forg =n —1,m =0
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Cross-Phase Modulation

e DD level shift [vs. ¢ = (z — 2/) /u]
D(z—2') =15 [?

w2 JO
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Cross-Phase Modulation

e DD level shift [vs. ¢ = (z — 2/) /u] 0

D(z—2) = -1, [*™q

100y 0 =12 Jw? NE |
—= J; o[y dr v eT "L/ D(ze, —1') 5
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-Liw L/w
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e Phase shift [vs. 7 = v, t/w]

¢(21,22,t) = —sin* Qfgdt’D(zl — 29 — 2ug4(t — t))

o(1)

L/w

Initially ¢ = 0, 2, = 0 & 25 = L = ¢(0, L, 0) = 0 T
After the interactiont = L /vy, 21 = L & 20 =0
6(L,0, L/v) = =520 [Ld2'D(22' — L) = 2C
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Cross-Phase Modulation

e DD level shift [vs. ¢ = (z — 2') /w] °
D(= — =) = Lz [Fag!f5Ear o e 2/ D(ze, — 1)

-L/w 2 L/iw
e Phase shift [vs. 7 = v, t/w] !

(21, 22,t) = —sin? 6 Bt D(21 — 29 — 20, (t — t/
0 g

o(1)

Initially t =0, 21 =0& 20 = L = ¢(0,L,0) =0
After the interactiont = L /vy, 21 = L & 20 =0
B(L,0, L/v) = =S8 (k42 D(22' — L) = 25,

’Ug'LU

e Phase shift ¢ = 7 [spatially uniform!]

— Universal CPHASE gate between SPh pulses &; & &,
[Z)1|y)e = (=) [2)1]y)2  (z,y €[0,1])
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EIT with strong VdWI

Petrosyan, Otterbach, Fleischhauer, arXiv:1106.1360 [quant-ph] OPTICS11, 8/09/11  p. 11/22



Experiment

week endin
PRL 105, 193603 (2010) PHYSICAL RENYMIEW LETTERS 5 NOVEMBER 2010

Cooperative Atom-Light Interaction in a Blockaded Rydberg Ensemble

J.D. Pritchard,™ D. Maxwell, A. Gauguet, K. J. Weatherill, M. P. A. Jones, and C. S. Adams’

Department of Physics, Durham University, Rochester Building, South Road, Durham DH1 3LE, United Kingdom
(Received 21 June 2010; published 5 November 2010)
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Theoretical Model

Hamiltonian H = H, + Var + Vvaw
Ha=—hY 3 [Apoee(r;) + (Ap + 6c)orr(r;)]
Vat = =30 [Qp(15)0eg(r;) + Qeope(r;) + He )

VVdW — hszij Urr(ri)A(rz’ — rj)o-rr(rj)

\U/ 19>
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Theoretical Model
Hamiltonian H = H, + Var + Vvaw
%a = —h Zjv [Apa-ee(rj) + (Ap -+ 5C)O-?°T(rj)]

Var = —h 30 [Qp(r;)0eq (1) + Qeore(r;) + Hee]

Vvaw = B30 00 (1) A(r; — 17) 070, (1;)
\U/ 19>
Stationary probe-field propagation [ = nEp]

0:(E}(r)Ey(x)) = —r(r) (€] (r)Im[a(r)]Ey(r))

p

Polarizability — «(r) . e

with | S(r) = SN A(r — r;)o,(r;)| total VAW shiftof |r) at position r
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Rydberg Excitation Blockade (3LA)
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Population of |r): (0,(A2)) ~ [Ag = Ap + 6]

= (o (0) = S22 & (o, (w)) = Lo (0)  |w = 1L

OPTICS11, 8/09/11 — p. 14/22



Rydberg Excitation Blockade (3LA)

- . (Q12)
Population of |r): (0,-(A3)) = L2 [Ax=Ap+ 5]

2 2_Te _
|QC| +A2 |Qc|2

(0 (0) = 2 g (o)) = Lo (0))  |w= 2L

An atom in |r) blocks Rydberg excitations for A(R) 2 w [A2 — Az — A(R)]

— Blockade radius R, ~ ¢ [Csl g (superatom) volume V,, = %”Réa

w
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Rydberg Excitation Blockade (3LA)
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Superatom
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Superatom

Nga = p‘/;a
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o Adiabatic elimination of |[E(®)) [y, = 1T, > Q]
e WhieXgeg +2Xrr=1 [saturation]

Q0 *nsa ) Qp

= YXRR =
00 2 Q) Q) H[Qe [P~ Ap A2]2+ A2
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Total VAW shift at position r

Nga = V/ V4, superatoms

S(r) & 320 Ar — 1;)Zrr(T))

= A(O)ZRR(I_‘) + S(I‘)
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Total VAW shift at position r

Nga = V/ V4, superatoms

S(r) & 320 Ar — 1;)Zrr(T))
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Total VAW shift at position r

Nga = V/ V4, superatoms

S(r) & 320 Ar — 1;)Zrr(T))

= A(O)ZRR(I_‘) + S(I‘)

MF shift s(r) = psa fv\v(r) A(r — ') Srp(t)d*r ~ §XRR(T)

Blockade  A(0) = -L A(r')d*r = 3G e 00 (>
‘/sa ‘/sa R O
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Total VAW shift at position r

Nga = V/ V4, superatoms

S(r) & 320 Ar — 1;)Zrr(T))

= A(O)ZRR(T‘) + S(I‘)

MF shift s(r) = psa fv\v(r) A(r — ') Xrp()d*r’ ~ 2YRR(T)

Blockade — A(0) = & [, A(r)d*r = 358 [ 00 (> .)

= S(r) = A(0)Xrr(r) + (s(r))

Y rr(r) — Projector
(Xrr(r)) € [0,1] — Blockade probability : A(0) > ~.
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Probe field intensity evolution

0: (2, (r) € (r)) = —(r){Qf (r)Im[c(r)] 2 (r)) = — K (r)Im[{e(r)) (O ()2 (1))
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Probe field intensity evolution

0: (2, (r) € (r)) = —(r){Qf (r)Im[c(r)] 2 (r)) = — K (r)Im[{e(r)) (O ()2 (1))

Conditional polarizability:

(@(D)e = (Srr(®he — 2 +1~(Enn(E) L

A\ . 4

OTLA
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Probe field intensity evolution

0: (2 (1) (1)) = =k (r) (2] (r) Im[e(r) ]2 (r)) = —r(x) Im[{r(r)) (2

Conditional polarizability:

_ 1Ye ~ Ve
(@l))e = (Srr(D)e — 25 +H1-(Srn(O)h] —— -
e — :Ye — —1A, + Yr =18 pF3c—(s(T)]
QTLA —
OEIT
= ’n (v r
Superatom operator: Y rr(T) [Q2c|" 15282, (r) 2 (T)

Q|25 Q) (F)Qp (F) 4+ [[Qc]2— A A2]2 4 A2 2

(Q(F)Q (D)) — ()2 (x))gs7 (1, F) (U (F)Q2,(F)) — (U (1), (x))
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Probe field intensity evolution

0: (2, (r) € (r)) = —(r){Qf (r)Im[c(r)] 2 (r)) = — K (r)Im[{e(r)) (O ()2 (1))

Conditional polarizability:

_ 1Ye ~ Ve
(@l))e = (Srr(D)e — 25 +H1-(Srn(O)h] —— -
e — :Ye — —1A, + Yr =18 pF3c—(s(T)]
QTLA —
OEIT
= ’n (v r
Superatom operator: Y rr(T) [Q2c|" 15282, (r) 2 (T)

Q|25 Q) (F)Qp (F) 4+ [[Qc]2— A A2]2 4 A2 2

(Q(F)Q (D)) — ()2 (x))gs7 (1, F) (U (F)Q2,(F)) — (U (1), (x))

p p

Intensity correlation within V"

<5g(r)g;(f')5p(f’)5p(r)> _(2)
(E3(0)Ep(D)N(EH(®)EH(T)) — 9 (r)

952 (r,7)

0.9y (r) = —k(r)Im[{a(r)) — arrr]gs’ (r)
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Numerical Simulations: comput. procedure

Stochastic (Monte-Carlo)

L

# Divide the propagation distance L into SR

Intervals (superatoms)
» For each z € sA; generate uniform random number p, € [0, 1]

s ifp, < (Xgr(r))r = (ar))r =arLa
s ifp. > (Xgr(F))r = (ar))r =agrmr
o Continue to z € SA;41, etc.

# Average over several independent realizations
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Numerical Simulations: comput. procedure

Stochastic (Monte-Carlo)

L
2Rsa

# Divide the propagation distance L into Intervals (superatoms)

» For each z € sA; generate uniform random number p,, € [0, 1]

s ifp, < (Xgr(r))r = (ar))r =arLa
s ifp. > (Xgr(F))r = (ar))r =agrmr
o Continue to z € SA;41, etc.

# Average over several independent realizations

Continuous limit

» Infinitely many realizations = 0,1,(r) = —x(r)Im[{a(r)),]L»(r)
with (a(r))r = (BRrr(T))ratra + [1 — (Xrr(T))r]amrr
and  0.9,” (r) ~ —K(r)(Sra(T))ImlarLa — amrrlgy” (r)
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Numerical Simulations: exper. parameters

Atoms : 8"Rb at 7' = 20 uK
|g>E5Sl/2|F:2,mF:2> |€>E5P3/2|F:3,mF:3> |’I">E6051/2

I'e =3.8x107s7!, 6wy ~2m-5.7 x 10 s~1 Ye = 3¢ + w1

I =5x103s71, Swy~2r-1.1x105s7! Yr = 2D + Swy
Cg/2m = 1.4 x 1011 s=1ym°

p(z) = po exp|—(z — 20)2/203]; po=1.32x 10"mm~3 o, =0.7mm

p=12x10"mm3, L =13mm = KL =4.524]
p

Qe =27-2.25 x 10°s71 (52 = —10°s7!) = Rea > 6.6 um & Mg ~ 14.7

2
vg(Ag ~ 0) = 22 ~ 6000 mis

e

Pritchard et al., PRL 105, 193603 (2010); Singer et al., JPB 38, S295 (2005) OPTICS11, 8/09/11 — p. 19/22



Numerical Simulations [stochastic MC]
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Experiment < Theory : negligible shift & broadening of EIT line
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Numerical Simulations [continuous]
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Conclusions

» Each Rydberg excitation |r) is delocalized over blockade volume V;,
» The medium is effectively composed of Ny, superatoms (only!)
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Conclusions

» Each Rydberg excitation |r) is delocalized over blockade volume V,
o The medium is effectively composed of Ng, superatoms (only!)

» The field £,(r) is affected by an atom at r via a(r):

» An excited SA surrounding r blocks the excitation |r) of the atom: o — a A
» All the other superatoms induce a small mean-field shift of |r): 6. — dc + (s)

# Conditional (nonlinear) absorption changes photon statistics g](f)(r, r)
s When gz(,2)(r, r) ~ 0, absorption saturates: pphot S Psa = (Q;Qp> ~ ‘lp%mc]?

» Photons are antibunched within the temporal window of 6t ~ 2?& (~ 1.6 ns)
g
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Conclusions

» Each Rydberg excitation |r) is delocalized over blockade volume V;,
» The medium is effectively composed of Ny, superatoms (only!)

# The field &£,(r) is affected by an atom at r via «a(r):

# An excited SA surrounding r blocks the excitation |r) of the atom: o« — ar,A
» All the other superatoms induce a small mean-field shift of |r): 6. — dc + (s)

# Conditional (nonlinear) absorption changes photon statistics gl()2) (r,T)
o When gz(f)(r, r) ~ 0, absorption saturates: pphot S Psa = (QLQ@ ~ ‘“O%\QCP

o Photons are antibunched within the temporal window of 6t ~ 25”& (~ 1.6 ns)
g
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