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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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Universal Two-Qubit Logic Gates

Controlled-NOT gate Controlled-Z (PHASE) gate
Wenor |a) [b) — |a) |a © D) Wez |a) |b) — (=1)*° |a) |)
a,be€{0,1} a,b e {0,1}

W, requires nonlinear (Kerr) photon-photon interaction — XPM

//\ PBS |VI> O /‘\

|l'|J1> |H >;

R
R

Tt |¢)out> :V\ézl L|J1>|l.|J2>
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Universal Two-Qubit Logic Gates

Controlled-NOT gate Controlled-Z (PHASE) gate
Wenor |a) [b) — |a) |a © D) Wez |a) |b) — (=1)*° |a) |)
a,be€{0,1} a,b e {0,1}

W, requires nonlinear (Kerr) photon-photon interaction — XPM

//\ PBS |VI> O A

4
|l'IJ1> |H>/ ol
Tt |¢)out> :V\ézl L|J1>|l.|J2>
XPM
H A A
QW A
W, V> O pes

# Any multiqubit transformation can be decomposed into

single-qubit U and two-qubit Weyor Or W, transformations
—> U and W are Universal
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Optical Quantum Computer

___Inttialization -~ Optical Quantum Processor __~  Read-out
SPhs /1\ U H —
V> o
o W
A >
SPhS S U
V>
o) i -
/\ o W
SPhS P U
V>
- W
SPhs /}\ U
V> o

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

# SPhS: Single Photon Sources

® W=XPM: Cross Phase Modulation
o SPhD: Single Photon Detectors

Petrosyan, J. Opt. B. 7, S141 (2005) Berlin, 9/12/08 — p. 5/25



Electromagnetically Induced Transparency

Fleischhauer, Imamoglu, Marangos, RMP 77, 633 (2005) Berlin, 9/12/08 - p. 6/25



Spectral Properties

Absorption Im)

<

Dispersion Re{)
o o o

o N

DetuningAly,,

E(z,t)=E(0,t — 2)e'**

Medium Polarizability a(A) = mo,yg?ﬁ =

Absorption Im(a) ~ kg (A < vge)
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Spectral Properties

Absorption Im)

P
g
Qg % —0:2
E Ll i 0.4
0%, -2 0 2 4
Detuningd./y,,
— Z ) ol
E(z,t)=E(0,t — E)elo‘z
" = ngs . ify e
Medium Polarizability a(A) = ko ——*5 =
Yoo TIAT ST 0n
Absorption Im(a) = = |yg + B Vg = £ ~ 1l
Vg R Q2412 0 9 1—|—08%Re(04) ~ K07ge

EIT conditions: |Q4]% > (vge + |A]) (YR + OR)
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Hamiltonian

0 g€t (z5)e k=
gé(zj)eikzj A
I 0 Q* (t)e~Fd=y

with £(z,t) = > g af (t)e*?% and g =

Qd (t)eik}d ZJ

Pge

0

OR

h

hw
2¢gV
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Hamiltonian

= _
x N 0 gffee o
/¢ E H=h Z g€ (zj)e’ s A Qa(t)etra?s
j=1 0 Q (t)e™ thazj OR .
_ -J
””””” Or
>

|g> W|th é(z, t) = Zq Cl,q (t)eiqz and g = @ge /Q?SJV

6r = 0 = Dark states (H |D{) = 0|D{)) for single-photons |1%) = a4"|0)

DY) = cos 619,59 —sin @09, s(D)) tan® 0(t) = %

with collective atomic states
|S(O>> = |917927 SR 7gN>
N ; _ .
|S(1)> = \/Lﬁ Zj:l 62(k+q ka)z; |gla ce ey Sy 7gN>

Fleischhauer, Lukin, PRL 84, 5094 (2000); PRA 65, 022314 (2002) Berlin, 9/12/08 - p. 8/25



Hamiltonian

|e>
x N 0 gffee o
/¢ E H=h Z g€ (zj)e’ s A Qa(t)etra?s
j=1 0 Q (t)e™ thazj OR .
u -J
””””” Or
>

|g> W|th é(z, t) = Zq Cl,q (t)eiqz and g = @ge /Q?SJV

6r = 0 = Dark states (H |D{) = 0|D{)) for single-photons |1%) = a4"|0)

DY) = cos 619,59 —sin @09, s(D)) tan® 0(t) = IQQCZQ#

with collective atomic states
|S(O>> = |917927 SR 7gN>
N ; _ .
|S(1)> = \/Lﬁ Zj:l 62(k+q ka)z; |gla ce ey Sy 7gN>

® 0=0 (42> ¢2N) = |D) = [19) |59} purely photonic excitation

® 0 =7/2(4)2 < g¢?N) = |D?) = |09) |s(1)) purely atomic excitation

Fleischhauer, Lukin, PRL 84, 5094 (2000); PRA 65, 022314 (2002) Berlin, 9/12/08 - p. 8/25



Dark-State Polariton

Define operator |WU(z,t) = cosO(t)E(z,t) — sinO(t)VNé (2, t)

With Ggs(2, 1) = §= 277 lg) (s, No = Fdz>1

AN

o W(et) = X 00 = DY) = et [o7) [5)
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Dark-State Polariton

Define operator |WU(z,t) = cosO(t)E(z,t) — sinO(t)VNé (2, t)

With Ggs(2, 1) = §= 277 lg) (s, No = Fdz>1

A

o W(et) = X 00 = DY) = et [o7) [5)

Equation of motion

(% + vg(t)%> U(z,t) =0 = U(z,t)=U (z - /Ot vg(t’)dt’,0>

v, (t) = ccos? O(t) = ¢ ggjlff'gzl';w group velocity (time-dependent)

= One can decelerate/accelerate the propagation of \i!(z, t)

Fleischhauer, Lukin, PRL 84, 5094 (2000); PRA 65, 022314 (2002) Berlin, 9/12/08 - p. 9/25



Stopping of Light

Single-photon WP: [1) = 3> £7(19) = £ [dzf(2)E1(2)|0)

1) Atthe entrance 0 < 6(0) S /2 (0 < Qq(t) < g°N)
— Pulse is spatially compressed by UQT(O) = cos? 0(0) < 1
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Stopping of Light

Single-photon WP: [1) = 3> £7(19) = £ [dzf(2)E1(2)|0)

1) Atthe entrance 0 < 6(0) S /2 (0 < Qq(t) < g°N)
— Pulse is spatially compressed by ng(O) = cos? 0(0) < 1

i) Rotate 6(t) — 7/2  (Qq(t) — 0)
= Pulse is stopped v, (t) =0
and stored as atomic excitation |D?) = |09) |s(1)

i) Rotate 6(t') < 7/2 (Qq(t') > 0)
= Pulse is released v,(t') > 0

Requires Tv,(0) < L & T~ < dwyy, = large optical depth 2k L > 1

Berlin, 9/12/08 — p. 10/25



Photonic Memory

lep 1€

54"5 B,
TETR N WMo\e &/ ™

N4 A JOM

B Sy

# )\/4 plate oriented at 45°

V) = IRy = S ([V) +ilH)) |H)— |L)= (V) —i|H))

= [¥(0)) = a|R) + G |L)

Fleischhauer, Mewes (2002); Mewes, Fleischhauer, PRA 72, 022327 (2005) Berlin, 9/12/08 — p. 11/25



Photonic Memory

lep 1€

NE .8 o IR TV

N4 A JOM

B Sy

# )\ /4 plate oriented at 45°
V) — |R) = Z=(IV) +i|H)) |H)— |L) = (V) —i|H))
= |[¥(0)) = a|R) + L)

o Rotate 0(t) — w/2  (Qq(t) — 0)

— Photon is stopped and stored as superposition of |s§1)> & \sé”)

[w(t)) = a |s§1)> + 0 |s§1)> With low decoherence!

Fleischhauer, Mewes (2002); Mewes, Fleischhauer, PRA 72, 022327 (2005) Berlin, 9/12/08 — p. 11/25



Photonic Memory

ey 2%

NE .8 o IR TV

N4 A JOM

|Sp |
i D >

# )\ /4 plate oriented at 45°
V) — |R) = Z=(IV) +i|H)) |H)— |L) = (V) —i|H))
= |[¥(0)) = a|R) + L)

o Rotate 0(t) — w/2  (Qq(t) — 0)

— Photon is stopped and stored as superposition of |s§1)> & \sé”}

[w(t)) = a |s§1)> + 0 |s§1)> With low decoherence!

# Rotate 0(t') < 7/2 (Qq(t') > 0)
= Photon is released [y (t')) — a|R) + (G |L)

Fleischhauer, Mewes (2002); Mewes, Fleischhauer, PRA 72, 022327 (2005) Berlin, 9/12/08 — p. 11/25



Single-Photon Sources

Berlin, 9/12/08 — p. 12/25



Parametric Down-Conversion

_pump |NLC. <>/'
\

Pairs of P&M entangled photons
|(I)> — %( ‘V>8 ‘H>z + ‘H>s |V>z)

Detect idler in |H); = project signal onto |V')

Berlin, 9/12/08 — p. 13/25



Cavity QED

2
] Two-Level System (atom, QD ...) withT' < g < k
Q5 |9 , . .
Apply Q2,7 = 7 pulse = single photon is emitted
5 (Purcell effect)

Khitrova et al, Nature Physics 2, 81 (2006)

Berlin, 9/12/08 — p. 14/25



Cavity QED

Qp
2
] Two-Level System (atom, QD ...) withT' < g < k
R Apply Q2,7 = 7 pulse = single photon is emitted
5 (Purcell effect)

Khitrova et al, Nature Physics 2, 81 (2006)

€) Three-Level System with g > &, T

Q, Er\g | D) = cosf|g,0) —sinf s, 1) tanﬁz%

) Apply 2, adiabatic pulse = single photon is emitted
9) (intracavity STIRAP)

Kuhn, Hennrich, Rempe, PRL 89, 067901 (2002); McKeever et al, Science 303, 1992 (2004)

Requires high-( optical cavities

Berlin, 9/12/08 — p. 14/25



EIT Based Single-Photon Sources

1) Create symmetric spin (Raman) excitation state I
N iSkz.
‘8(1)> — L]\7 Zj:l € okz) ‘gla' R IIEEE agN>
= |D1(0)) = [0)[sV)
I3
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EIT Based Single-Photon Sources

1) Create symmetric spin (Raman) excitation state [
‘S(l)> — L]\7 Zjvzl eiékz‘j ‘gla cee 3 Sgy e 7gN>
Qi E
= |D1(0)) = [0) |s'V)
i) Apply Qu # 0 (0 < 7/2) & Release SPh WP 'S> o

= |Di(t)) — [1)[s)
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EIT Based Single-Photon Sources

1) Create symmetric spin (Raman) excitation state [
N iSkz.
‘S(l)> — L]\7 Zj:l € okz) ‘gla' R IIEEE 7gN>
= |D1(0)) = [0) |s'V)
1S>

i) Apply Q4 # 0 (0 < 7/2) & Release SPh WP "o
= |Di(t)) — [1) ')

Spontaneous Raman Scattering

1) Apply write pulse 2,, & detect |
forward scattered Stokes photon Q, AH,%
—_— g_g \ ] 3

— Click of D corresponds to |s(!)) B
(with 6k = ky — ks) [on
Go toii)

Duan et al, Nature 414, 413 (2001); Kuzmich et al, Nature 423, 731 (2003);

van der Wal et al, Science 301, 196 (2003); Chou et al, PRL 92, 213601 (2004);
Eisaman et al, PRL 93, 233602 (2004); Eisaman et al, Nature 438, 837 (2005) Berlin, 9/12/08 — p. 15/25



EIT Based Single-Photon Sources

1) Create symmetric spin (Raman) excitation state

N iSkz.
‘8(1)> — LNZJ':1€ okz) ‘gla"'75j7'°'7gN>
= |D1(0)) = 0) |s")

i) Apply Q4 # 0 (0 < 7/2) & Release SPh WP
= [Di(t)) — (1) [s')

Dipole Blockade
Pair of atoms ¢, 5 in Rydberg states |r)
= Dipole-Dipole Interaction (anisotropic)
Vop = AD(r; — ;) |rirj){r;i |
Resonant DDI (Foérster process) + Static DDI (in dc E-field)
4 2 2

.o Y ~ n € ag
D(r; —r;) =~ mheo|r;—r;[3

Double-excitation iIs nonresonant

2 N
Paouble ~ l%;l <1ifQ,. <D

|e>

1S>

19>

19>

Berlin, 9/12/08 — p. 15/25



EIT Based Single-Photon Sources

1) Create symmetric spin (Raman) excitation state [
N iSkz.
‘8(1)> — L]\7 Zj:l € okz) ‘gla' R IIEEE 7gN>
= |D1(0)) = [0) |s'V)
1S>

i) Apply 24 # 0 (0 < 7/2) & Release SPh WP "o
= |Di(t)) — [1) ')

Dipole Blockade

r >

Atomic ensemble Vpp = hzg D(r; —xj) [riri)(ri7j]

) Apply QY for vNQM T, = 7 (collective 7 pulse)

P

1)
= [s) = |g1,92, ..., 9n) — ol
(1) B
— =2 e g,y gw) = )
Single collective Rydberg excitation (VN < D) S
Jo2

") Apply 6Ty = 7 = [r()) — |s() with ok = k1) — 1)
Go to i)

Lukin et al, PRL 87, 037901 (2001) Berlin, 9/12/08 — p. 15/25



Cross-Phase Modulation via Static DDI

Iry ///‘i/lsl;\\\ I > Est
#
Q Q
e 1€ E = Vy Vg K E
— s —
\E E?/
-

19

w

E1f

Static F;;e, = Rydberg states |r;) have large permanent dipole moments
pre, = Sngeape, (Stark eigenstates)

E; — U; = cos0&; — sinb/Né,,., (i = 1,2) propagate with +v, = ccos? §

Atomic components of \ifz- Interact via Static DDI = induces XPM

Vbp = hp® // d*r d°r' G, (r)D(r — v')6, ()

D(r—r')=C ith C=———
(r=r) r —r/|3 b Amegh

Resonant DDI (state mixing) is suppressedforg=n—1,m =0

Berlin, 9/12/08 — p. 16/25



Cross-Phase Modulation via Static DDI

e DD level shift [vs. ¢ = (z — 2/) /u] °
D(z — z’) — # OQWdQO/fOOOd’I“/L’I“/Le_Tf/WQD(Zez — I'/) ol
o
e Phase shift [vs. 7 = vyt /w] . |
¢(21,22,t) = —sin* 0 fg’dt’D(zl — 20 — 2ug4(t — t)) - ¢ "
g
O0 L/w

Berlin, 9/12/08 — p. 16/25



Cross-Phase Modulation via Static DDI

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

D(z — =) = iz J§ e [odr v/ =2/ D(ze: — ')

D@2

e Phase shift [vs. 7 = vyt /w]

_l,

d(z1,22,t) = —sin? 6 Bt D(z1 — 29 — 20, (t — t/
0 g

-2
-L/w

SNO -

L/w

o(1)

Initially t =0, 21 =0& 2o = L = ¢(0,L,0) =0

After the interaction t = L/vy, 21 = L & 20 =0  °0
B(L,0, Lfv) = =S8 [fdz'D(22' — L) = 2,

vgw

e Phase shift ¢ =«

— Universal CPHASE gate between SPh pulses &; & &,

2)1 [y)2 — (=)™ |z)1|y)2  (z,y €[0,1])

L/w

Berlin, 9/12/08 — p. 16/25



Cross-Phase Modulation via Static DDI

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

D(z — =) = iz J§ e [odr v/ =2/ D(ze: — ')

_l,

D(2

e Phase shift [vs. 7 = vyt /w]
$(21,22,t) = —sin? 0 [1dt' D (21 — 22 — 2v4(t — t'))

-2
-Liw L/w

SNO -

o(1)

Initially t =0, 21 =0& 2o = L = ¢(0,L,0) =0

After the interaction t = L/vg, 21 = L & 20 =0 : o
B(L,0, L/v) = =520 [faz'D(22' — L) = 25,
g

e Phase shift ¢ =«

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

Advantages: Weak focusing (w ~ 30um) & Uniform phase-shift

Friedler, Petrosyan, Fleischhauer, Kurizki, PRA 72, 043803 (2005)

Berlin, 9/12/08 — p. 16/25



Single Photon Detection

Single photon WP |¢) = o |V') + 3 |H) Y

passes through PBS | w;

= |V) and |H) polarization components 'H>'i’
are directed into Photodetectors D \&

|

Qubit Measurement Requires High-Efficiency Photodetectors

Berlin, 9/12/08 — p. 17/25



Single Photon Detection

Single photon WP |¢) = o |V') + 3 |H) Y

passes through PBS | qj;

= |V) and |H) polarization components 'H>'i’
are directed into Photodetectors D \&

|

Qubit Measurement Requires High-Efficiency Photodetectors
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Single Photon Detection

Single photon WP |¢) = o |V) + (| H) Y

passes through PBS | qj; -

= |V) and |H) polarization components 'H>J£
are directed into Photodetectors D \&

|

Qubit Measurement Requires High-Efficiency Photodetectors

# Avalanche Photodetectors — quantum efficiency n < 70%

# EIT based Photodetection — quantum efficiency n — 100%

1>
e>

1) Rotate 6(t) — 7/2 (Qq4(t) — 0) AC\? fﬂfﬂ

= Pulse is stopped Q| - o E
119) [s@) — |09) [s(D) - _
IS>
ii) Apply pump €, to fo, ;

cycling transition |s) — |f) = Ry ~ 3T

= Collect fluor. with D (n < 1) for time T | Sy ~ inl' T > 1

Imamoglu, PRL 89, 163602 (2002); James, Kwiat, PRL 89, 183601 (2002) Berlin, 9112108  p. 17125



Atoms In Microwave CPW Resonator

Petrosyan, Fleischhauer, PRL 100, 170501 (2008) Berlin, 9/12/08 — p. 18/25



The System

Superconducting CPW resonator

—_—

Strip-line length L. ~ 1 cm and electrode distance d ~ 15 um
u(r) = cos(mmz/L) or sin(mmz/L) cavity mode function (1D)
with m even or odd integer and z € [—L/2, L/2].

m=1>5 (m + 1 field antinodes)
Ae = 2L ~ 4mmand we = 25 ~ 27 x 30 GHz

Q ~ 10% = photon decay rate kK = %< ~ 200 KHz

We
Q

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

Berlin, 9/12/08 — p. 19/25



The System

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

b
c

Atom density p, ~ 2 x 1013 cm~=3 trap volume V, ~ d x d x \/20

N = paV, ~ 10% atoms in each ensemble

Berlin, 9/12/08 — p. 19/25



The System

Excited Rydberg atoms i & j interact via common cavity mode
atomi aton]

la> la)
= MAa™
gé gé
\ S r g L0
> gct gct
=
,,,,,,,,,, IAb IR
Ib> Ib>

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

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

&L,, = |u;)(v;| atomic transition operator ¢, & cavity field operators
g,lw = —%scum) atom-field coupling (¢! . ~ g%, = gr)

h c . . .
Ec = 4 /60%% field per photon in the cavity

Atomic dipole matrix elements p o nage = g ~ 27 x 10 MHz (for n ~ 50)

Berlin, 9/12/08 — p. 19/25



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

Berlin, 9/12/08 — p. 20/25



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

Berlin, 9/12/08 — p. 20/25



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,.):

4 ~1 ~
ViV = hel, W6

rr

o 2lgbe9n® 20900017 _ 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 1 3
_ (a1) P, () P 8
S f 105 £ (al1),(b1) f =10
< 05 - pab,ba h 0 g
§ | ] S

A ] @, /m

= : / - . —0.55

0 L Lo INGA Nllb\b LN A _1 %

0 10 20 30 40 0 200 400 600

7 o
o

1w e — — 11 g

. \@ P L (b2) Py osé
S i 1 Y (@2),(b2) f = 20

© | pab,ba ] o

S 05 - - 10 S

S i : @, I 1 T

i - 4 - —0.53

I i 1 )

L ] wn

0 P AR L A ‘ S S R SR -1 @

0 20 40 60 80 100 O 2000 4000 6000
Time Time

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)]
(rg6grQgr 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)] 1%'® 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)] %9 ceeop
<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)]
7) |r) — W r) |r) - o(t) = Wi
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Applications of VdWI

Dispersive phase shift [W = 27 x 40 KHz (f = 10)]
7) |r) — W r) |r) - o(t) = Wi

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): s s
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)]
7) |r) — W r) |r) - o(t) = Wi

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

|¢>q = Qyq |O>q + Bq ‘1>q Qd“ “Qd

o EIT dark-state polaritons in ensembles A & B Al 16,
\IJA7B:COSH(C:’A,B—SiHQ\/Na';JB En E

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

Vg

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

Scalable and efficient quantum computation with photonic qubits requires:

Deterministic sources of single-photons (qubit initialization)
Reversible photon storage (static qubits)
High-fidelity logic gates between flying/static qubits

o o o @

Reliable state detection
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Summary

Scalable and efficient quantum computation with photonic qubits requires:

Deterministic sources of single-photons (qubit initialization)
Reversible photon storage (static qubits)
High-fidelity logic gates between flying/static qubits

o o o @

Reliable state detection

EIT based (or related) techniques can implement these requirements
—> Deterministic all-optical quantum computation & communication
may become possible

Berlin, 9/12/08 — p. 25/25
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