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Outline

o Photonic Qubit
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Photonic Qubit

Single-photon wavepacket in the polarization state

) = a|V) 4+ B|H) with |a]? + |82 =1

V)= 1(0) & |H) = |1) form the computational basis { |0), |1)}
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Photonic Qubit

Single-photon wavepacket in the polarization state

) = a|V) 4+ B|H) with |a]? + |82 =1

V)= 1(0) & |H) = |1) form the computational basis { |0), |1)}

| | | | /) ges
Single-rail <- Dual-rail conversion F |

|

Y

N

|

Single-qubit unitary transformations U «x R(¥) ® T'(¢)
can be implemented with linear-optics operations

/;\ = PBS /\\
N U &7 T

R
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Atomic Ensemble Qubit

) = a|sO) + 31s)

with collective atomic states

|S(O)> = |gla.927 s 7gN>

N i (2.
st1)) = \/Lﬁztjzle(b( 1) 91,5+ 8555 ON)

Very long lifetime 1 /s, 2 1 ms
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Atomic Ensemble Qubit

) = a|sO) + 31s)

with collective atomic states

|S(0)> = |917927 s 7gN>

N i (2.
|8(1)> = L]\[Zj:leqb( 2 ‘917"'75j7'°'7gN>

Very long lifetime 1 /s, 2 1 ms

» |sD) symmetric single excitation (spin-flip) state
equivalent to EIT stored single photon

= Interconnect AE Qubit and SPh Qubit via EIT

Fleischhauer, Imamoglu, Marangos, RMP 77, 633 (2005) EMALI-PISA, 13/09/09 — p. 5/17



Superconducting Charge Qubit

Cooper-pair box Hamiltonian é—
E RN
H=4EcY, (n —n)? T o)
—Ejcos(m®/®o) 3, (In){n + 1] +H.c.) N
Ec = e?/2C4ot — charging energy 1

n = C'V/2e — injected polarization charge —
E ; — Josephson tunneling energy (Ey/h ~ 10 GHz)
& = AB | - external magnetic flux (®o = hc/2e flux quantum)

Makhlin et al., RMP 73, 357 (2001); Clarke, Wilhelm, Nature 453, 1031 (2008)  EMALI-PISA, 13/09/09 - p. 6/17
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Superconducting Charge Qubit

Cooper-pair box Hamiltonian é—
E RN
H=4EcY, (n —n)? T o)
—Ejcos(m®/®o) 3, (In){n + 1] +H.c.) N
Ec = e?/2C4ot — charging energy 1

n = C'V/2e — injected polarization charge
E ; — Josephson tunneling energy (Ey/h ~ 10 GHz)
& = AB | - external magnetic flux (®o = hc/2e flux quantum)

# For E-~ > FE; and charge degeneracy point n = % = TLS

0) = 55 (10) = [1)) 1) = Z5(]0) + [1))
with hwyg = 2E 7 cos(m® /D) tunable by B

Single-qubit rotations implemented with resonant MW fields (pg; ~ 10%age)

But 1/, 2 1 us = fast qubit decoherence

Makhlin et al., RMP 73, 357 (2001); Clarke, Wilhelm, Nature 453, 1031 (2008)  EMALI-PISA, 13/09/09 - p. 6/17



Coupling SC Qubits via CPW resonator

Strip-line length L. ~ 1 cm and electrode distance d ~ 10 um
u(r) = e "L/% cos(mmz/L) or sin(mmz/L) cavity mode function
with m even or odd integer and z € [—L/2, L/2].

1—5 (m+ 1 field antinodes)

m =
Ae = 2% 24— 20mm and we /2w = 3—$— ~ 6 — 30 GHz

hw, -~ - . . .
Ec = 4/ GOWZQL ~ 2 —5 mVcm~! field per photon in the cavity

Q ~ 10° — 10% = photon decay rate k = %< ~ 10* — 10° Hz

we
Q

Blais et al., PRA 69, 062320 (2004); Majer et al., Nature 449, 443 (2007)
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Coupling SC Qubits via CPW resonator

qubit A
= 11>

Jge = %so ~ 27 X 50 MHz qubit—cavity coupling rate; A,. = wio — we detuning

Blais et al., PRA 69, 062320 (2004); Majer et al., Nature 449, 443 (2007)

EMALI-PISA, 13/09/09 — p. 7/17



Coupling SC Qubits via CPW resonator

qubit A qubit B

= 11> 11>
AV
Jq D“
,,,,,,,, Jq
ch
10> 10>

Jge = %so ~ 27 X 50 MHz qubit—cavity coupling rate; A,. = wio — we detuning

AL = AL > g, | = Effective Hamiltonian  (2nd-order in gqc):

2 A AN A A . 2
Vf(lB) = hG 4B (0f0§ + Ofaé) with Gap = qucc — Exchange constant

SWAP Of y/swap entangling operations

Blais et al., PRA 69, 062320 (2004); Majer et al., Nature 449, 443 (2007) EMALI-PISA, 13/09/09 — p. 7/17



State Transfer between SC & AE Qubits

SC qubit  AE qubit

= 11> 1S>
@[ Dac
Jq
,,,,,,,, 9:4
qgc
10> 10>

N = poV, ~10% atoms at pg, ~4 x 1013 cm=3 &V, ~ d/2 x d/2 x \c/10

|g) < |s) — hyperfine transition (wsg/27'r — 6.83 GHz for 87Rb)

Jac = i@gs ecu(r) ~ 2w x 20 Hz (magnetic dipole pg4s ~ pup/c = %aaoe)

= \/Ngac < k and \/Ngacgqc/ch < Y

Large Decay & Decoherence

Verdu et al., PRL 103, 043603 (2009); Imamoglu, PRL 102, 083602 (2009)
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r>

19>

i) — Rydberg states with n ~ 68 w,; >~ we >~ 27 X 12 GHz
ecu(r) ~ 21 x 4 MHz atom—cavity coupling rate (el.-dip. g;, ~ n2age ~ 103age)

),
9ir — @;_Lr

gir ~ VNQg = AJ10

— Two-photon Rabi frequency Qg%) = WXQW ~ 0.1g;

Am’ — _Az'g > Gir, \/Nng

EMALI-PISA, 13/09/09 — p. 8/17
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r>

19>

I7), |i) — Rydberg states with n ~ 68 w,; >~ we ~ 27 x 12 GHz

Pir

Gir ir e u(r) ~ 2m x 4 MHz atom—cavity coupling rate (el.-dip. p; ~ n?age ~ 103age)

Am’ — _Aig > Gir, \/Nng

gir ~ VNQg = AJ10

— Two-photon Rabi frequency Qg%) = WXQ?Q” ~ 0.1g;

Excitation Transfer from Cavity to Atoms

o Apply Q; (r-pulse: Qg(ﬁ)Tgr —

o Apply Q.5 (m-pulse: QrsTyr = Z) = ‘f,«(l)> . |S(1)>

3) =~ |5(O)> 1.) — |7"(1)> 0¢)
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Numerical Simulations
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Numerical Simulations
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Atoms in CPW Resonator

Ensembles of cold ground-state atoms trapped near field antinode S

N = paV, ~ 109 atoms in each ensemble

Petrosyan, Fleischhauer, PRL 100, 170501 (2008) EMALI-PISA, 13/09/09 — p. 10/17



Atoms in CPW Resonator

Excited Rydberg atoms i & j interact via common cavity mode

atomi aton]
la) la)
= MBa™
gc gc
S I8! 1
\S\ T gct gct
,,,,,,,,,, T
Ib> Ib>

H=0Y [(Aaby, — Debiy) + (9 ¢ 01 + ol dy, + Hec))

Ag = wgr — we and Ay = w,p — we detunings

&iw = |u;) (| atomic transition operator ¢, ¢f cavity field operators
gt = — £ u(r;) atom-field coupling (¢! . ~ g, = gr ~ 2w x 10 MHz)

Petrosyan, Fleischhauer, PRL 100, 170501 (2008) EMALI-PISA, 13/09/09 - p. 10/17



Resonant Dipole-Dipole Interaction

atomi atomj
Bap = grf > g (f>1) e O S
gc gc
® |r;)|r;)[0c) — |ri i) |bji)|1c) (1Ph) nonresonant g i
® |r;)|r;)|0c) — l|ai ) |bjs.q)|0c) (2Ph) resonant gct gct
(ac Stark compensated: A, — Ay + si? — st — sl = 0) _ | By | _

4
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Resonant Dipole-Dipole Interaction

atomi atom]
la) lay
Effective cavity-mediated RDDI 1) D; W
between atoms : and j I
Du‘< fffff
Effective Hamiltonian (2nd-order in g,.): b

VY = hDy; (64,62, +6%,61.) + Hae

GOl 9er9he G — 1y
D;; = 23 = =K, = ¥ = D — RDDI constant
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Resonant Dipole-Dipole Interaction

atomi atom]
la) lay
Effective cavity-mediated RDDI 1) D; W
between atoms : and j I
Du‘< fffff
Effective Hamiltonian (2nd-order in g,.): b

VY = hDy; (64,62, +6%,61.) + Hae

GOl 9er9he G — 1y
D;; = 23 = =K, = ¥ = D — RDDI constant

Eigenstates of Vif)

W0 = (1bi) lag) — lai) b)) o =0
W) = s lri)Ir) & 5(bi) [ag) + lai) b)) Ax = £hv/2Dy
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Van der Waals Interaction

atomi atomj
~ |
Aaz=gr(f-1) & Do=gf (f>1) A T
gc gc
e 1ph and 2ph transitions nonresonant LS S 1T
gct gct
U 7777777777 I JAYS I 7777777777
lb> Ib»
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Van der Waals Interaction

atomi atom;j

Effective cavity-mediated VdWI W,
between atoms : and j I Iry

Effective Hamiltonian (4th-order in g,.):
VY = hel W67
1] rr’Yrr

| 2

219490, 2095,9%,1°  _ 4g, _
W, = A T (Rt AgAT = = W — WdVI constant
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Van der Waals Interaction

atomi atomj

Effective cavity-mediated VdWI W,
between atoms : and j I Iry

Effective Hamiltonian (4th-order in g,.):
VY = hel W67
1] rr’Yrr

| 2

219490, 2095,9%,1°  _ 4g, _
W, = A T (Rt AgAT = = W — WdVI constant

Evolution due to Vig.‘”

r3) rj) — €O ) ry) - Gri(t) = W
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Numerical Simulations

Dynamics of Rydberg atoms ¢, j in CPW cavity, |®(0)) =

RDDI Vdwi

1 e e 1 4
_ (a1) P, by P 8
5 p | F 05 £ (al),(b1) f = 10
gos i ~ 0o S

. ] Q,/m

= : / - . —0.55
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puv populations of |u;) |vj)  @r phase-shift of |r;) ;)

— " ME simulations for the full system using Hamiltonian H

—”: ME simulations for the effective Hamiltonians Vigg) and V,L.g.4)
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Applications of RDDI

Intracavity Dipole Blockade [D ~ 27 x 1 MHz (f = 10)]
(rg|6grQgr W) =0& Q. < D =

Single Rydberg excitation of atomic ensemble by (2,
(effective 7-pulse: VNQg,T1 = )

59) - [r0)

s(0) = |g1,92,...,9n) [Py =L ekorTilgy, ... i, ..., gN)

s
%
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Applications of RDDI

Intracavity Dipole Blockade [D ~ 27 x 1 MHz (f = 10)] 19%'9> ceeo
<Tg‘ &gngr WO} =0& Qgr <D = QUG 2D

Single Rydberg excitation of atomic ensemble by (2,
(effective w-pulse: VNQy, Ty = )

59) - [r0)

Qgr
0 _ 1 — 1 Kgrr; )
5O) = lg1,92,..,gn)  IrV)) = =30 eRorTifgr, g, g
1-9999.>

Single Photon Generation
r>

o Apply Q. (r-pulse: Qs T = %)
(Y — s

— 1 Ok r.
|8(1)>:\/ﬁzfi6z ri |gl7"'78i7--'7gN>
single collective Raman excitation of atomic ensemble

. . 1S>
(equivalent to EIT stored single photon) 9>

e Turn on ), — release single photon pulse &
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Applications of RDDI

Intracavity Dipole Blockade [D ~ 27 x 1 MHz (f = 10)] 19%'9> ceeo
<Tg‘ &gngr |¢O> =0& Qgr <D = QUG 2D

Single Rydberg excitation of atomic ensemble by (2,
(effective 7-pulse: VNQg,T1 = )

59) - [r0)

Qgr
0 _ 1 — 1 Kgrr; )
5O) = lg1,92,..,gn)  IrV)) = =30 eRorTifgr, g, g
1-9999.>

Entangling two (or more) ensembles A and B
r>

o Apply 24, simultaneously to A and B (vV2NQ,,T1 = Z)
o Apply g, (r-pulse: Qs To = Z)

= Z5(1s)als)p + [s)a[sV)p)

IS>

19>
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Applications of VdWI

Dispersive phase shift [W ~ 27 x 40 KHz (f = 10)]
) Iy — e ) ) o(t) = W
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Applications of VdWI

Dispersive phase shift [W ~ 27 x 40 KHz (f = 10)]
) Iy — e ) ) o(t) = W

Ensemble qubits A, B, ... in states 5 W g

[P)g = ag|sP)q + By [s™M)q

o Apply Q. to A & B (Q.T1 = Z): Qs Qs
s 4 g — [rMY 4

e Phase-shift o = WT, = 7 (during Ty = /W) A e UB e

o Apply Q. again (Q.,Tz = Z):
P4 g — |sMY 4 B

= Universal CPHASE gate between ensemble qubits A & B
5@ alsW)p — (1) [s)a[sW)p (2,5 €[0,1])
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Applications of VdWI

Dispersive phase shift [W ~ 27 x 40 KHz (f = 10)]
) Iy — e ) ) o(t) = W

Photonic qubits A, B, ... In states DA, W M8

|¢>q = Qg |O>q + ﬁq ‘1>q Qd“ “Qd

e EIT dark-state polaritons in ensembles A & B Eoat o
\IJA7B:COSH(C:’A,B—SiHQ\/Na';JB En Eq

e Phase shift ¢ = Wiy =7 (Tine = 22, vy = ccos? 0 < ¢) oy e

Vg

= Universal CPHASE gate between photonic qubits A & B
) aly)s — (=) |x)aly)s  (z,y € 0,1])

EMALI-PISA, 13/09/09 — p. 15/17



Conclusions: Efficient QI Processing

# Elements of Quantum Processor
s solid state SC qubits — fast quantum gates

s Mmetastable states of cold atoms — reliable quantum memory
s single photons — long-distance information transfer
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o Elements of Quantum Processor
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o Interactions & Interface between Qubits
s EIT provides interface between static (AE) and flying (SPh) qubits

s Microwave CPW resonators
s serve as quantum bus for SC and AE qubits
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Conclusions: Efficient QI Processing

o Elements of Quantum Processor
s solid state SC qubits — fast quantum gates

s Mmetastable states of cold atoms — reliable quantum memory
s single photons — long-distance information transfer

# Interactions & Interface between Qubits
s EIT provides interface between static (AE) and flying (SPh) qubits

s Microwave CPW resonators
s serve as quantum bus for SC and AE qubits

s mediate RDDI and VdW!I between atoms over L ~ 1 cm
- single photon generation
- quantum gates between AE and SPh qubits

» Experimental efforts
s SC qubits in CPW resonators (Yale, NIST-Boulder, ETH Ziirich ...)
s CPW, SC qubits & trapped AE on atom chip (MIDAS: TU-Wien, WIS ...)

s Free-space Rydberg blockade via DDI [r;-°] and VdWI [r;-°
s EIT in warm & cold AEs, OLs [1/vs, 2 1 s], doped solids ...
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