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Difficulties in Long-distance Quantum Communication

Problems leads Solutions
Absorpffon Photon loss En‘l'anglernem'

(exponentially) Swapping
Decoherence Degrading . En‘ra.nglerr!en'r
entanglement quality Purification
Synchronization of independent lasers
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Drawbacks of The former QC Experiments

‘:R *’R

P <t P

2/P*
Drawback Probabilistic entangled | cost of resource
photon source
Feasible Quantum memory cost of resource
solution (Quantum Repeater) N/P
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Novel Solution with Atomic Ensembles!

Storage of light in atomic ensembles

[C. Liu et al., Nature 409, 490 (2001);]
[D. F. Phillips et al., Phys. Rev. Lett. 86, 783 (2001)]

motivate

Long-distance quantum communication with
atomic ensembles and linear optics
[L.-M. Duan et al., Nature 414, 413 (2001)]
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Three level atoms: medium of
quantfum memory
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"DLCZ" protocol

Optically dense Atomic Ensemble
N atoms with Lambda System
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Atomic Ensemble: Magneto-Optical Trap
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Step 1:

State preparation

Jian-Wei Pan Physikalisches Institut

Cold 87Rb- Atoms in MOT:

Number: >108

Density: ~ 1010 /cm3
Temperature :(~ 100 uK
Optical Density: ~3
Size: ~3 mm
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Basic Experimental Sequence

Spontaneous Raman

MOT ON

scattering MOT'ON MoT ON
i i aar ore
R ¥
w{ EgumpevOT oF © woror
Cooler I_//_I l_l I_
Momentum conservation S
ES — ER —|—l::‘/1; —_ EAS. Writel_l |_| S |—I |_|
Read |_| |_| 7 |_| |_|
Step 2: Step 3:

Anti-Stokes Photon .
Storage time T
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Stokes Photon

: 15°S,,,F=
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Non-classical photon pair Generation

Detuning AR

Dotuing i T JC e g W 5.5 ) =[00)++/x [11)+ | 22)

Read

Quantum mechanics :

ol 192) Pos =X
Classical statistics : p, =X
pas,S:pas.ps pas,s:X

Cross-correlation is used to show quantum
correlation between the single-photon pair

¢@ = Pus Ly <1

pas.ps X
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Quantum Memory: Experimental results

T ¥ T v T X T ¥ 30~ lllllllll ]
100} ’ L % Lifetime measurement |
80+
_ . 60f
401 .
20+
O " 1 M 1 " 1 i 1 "
0 | 2 3 4 5
Pis (x1073)
Cross correlation gl g ¢ of anti-Stokes and Lifetime measurement of the quantum memory.
Stokes photon VS the detected probability of ~ Due to the dephasing of the collective spin state,
anti-Stokes photon p,c the life time is determined to be 13 s

9@ ,s.s > 2 => nonclassical light
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A Conditional Single Photon Source

.

N Write Sequences

W
— Cleaning
—
Cleaning & ?’Z‘"T—— . T
. /, o Write —_
Write pulses / TR
j s I . # VL
R — AT | Feedback \
Read pulse < At >
onclickin D1

Enhance probabilistic process by application of multiple Write pulses
=> Read-out becomes deterministic
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Deterministic and Storable Single-photon Source

Clean

Write

15°S,,,F=2 '>-
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Single photon quality

py = |1)(1+2%|2)(2]

BS FC 1
p) — —_
‘\|I> < P, =P = zm
8 Prn=X 'ﬂf
- single photon quality is

SPE). 3 i . .
O SPD 2 determined by anti-correlation

SM Fiber P2 P
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Deterministic and Storable Single-photon Source

0.000 0.024 12D;s 0.048 0.072
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P
Anti-correlation a of the single photon VS Anti-correlation a of the single photon
anti-Stokes photon production rate p,. VS storage time dt.

[S. Chen et al., Phys. Rev. Lett. 97 173004]
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2/p2 =>2/p

Feedback ©
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Cleaning &
Write Pulse

Read Pulse

Jian-Wei Pan

Time Sequence

N Write Scquences

P Cleaning
- ;."x |
f: L Write
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g
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: a
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On Click in Both Successful
Write process
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Pn/2, |H){|H)s;

{ P?/2, 1/V2(|H)1[V)2 = [V)1|H)2);
(Weg)1o =
Pr/2, [V)1|V)a.

Predicts S=2.3

Efficient Generation of Entanglement

2
2

Hours
7
>

Counting rate per 2

0.6

0.4

0.2 4

0.0 4

-0.2 4

Correlation function

0.4

-0.6 -

The probability of generation of
entanglement is enhanced by 2 order
with the help of feedback circuit.

(0,-22.5)

(45,22.5) (45,-22.5)

5=2.37+0.07>2
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—— [Z.-S. Yuan et al PRL 98 180503, (2007)]
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Problem in DLCZ

-- Mach-Zehnder-type interference needed

Entanglement in DLCZ: |0)[1)- &\.-\

r -\b .ime jitter at a
< atosecond level
QO . a time scale of up to

our.

W) =|0,.1,)£|L

Realistic:
0.085 fs for

,._,:,(:. transferring a timing

X ('\ signal over 32 km for

5 Q averaging times of 1
Q second

b. entangd,wapping [PRL 99, 153601 (2007)]

[Z.-B. Chen et al., Phys. Rev. A 76 022329 (2007)]
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Robust Quantum Repeater
- -Hong-Ou-Mandel-type interference is used

B
B, B,
A-H B+
d
¢Pa+9p) oot t ot
I 2 12 2 12 i2daot2 i2dp ot2 D, Dz b, D,
4—(0""1’!‘5"; + (.”“d’BSu; - e“-d’ASd; - e"-¢BSd; |vac). @ PBS 1

|6 )ac= (S, ASZ T S:;ASZC)/ V2|vac).

"

[B. Zhao et al., Phys. Rev. Lett. 98 240502 (2007)]
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Atom-Photon Entanglement

+\/E‘1AS B +O(Xm)

‘ﬁ>:|03>y|13>1)
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m  Parallel
e Perpendicular

40 60 S

T T T T T
10 20 30

T(ns)
Stokes:[Z.-S. Yuan et al PRL 98 180503, (2007)]
anti-Stokes:[T. Chaneliere et al PRL 98 113602]]
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Phase Locking

Read(H) Write(V)

», =A0, +A0O
b, =A0, + A0,

Y = A0, +A0,

— <« -
Read(H) A "W K Write(V)
.i_n —> eD = 3
BS; Read(V) Write(H) BS2
=1~ Shutter
To Locking Circuit
AS(H |
: o=ty
U Locking(V) P2
To Locking S(V) S(H) Shutter
Circuit A H+V
"‘4 < e T EEX
Pol.@45° | PBS, D Locking(H) PBS: AOM
Y
AS
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Quality of the Entanglement

MOT ‘ ‘
MOT on MOT off
Lock beam ‘ ‘
Phase stability after lock Short term fluctuation: 7 /30

Long term drift: cancelled

Entanglemant signal to noise ratio, 15:1 @ excitation rate of 3%
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Teleport a photonic qubit to
atomic qubit

=

Classical Information
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Memory-built-in Teleportation
Fidelities and Storage

0.85 Original State Fidelities
| | H) 0.86 (2)
0.80 - ; |+) 0.74 (1)
|R) 0.75 (1)
0.75 4
>
g
w 0.70 4
2/3 -.. DICAIFIORS S PO A L L RSB RRR RN - aiazay e
0.65 -
1 |
0.60 . ] . ; , , : ; s
0 2 4 6 8 10

Retrieve Time (ps)

[Y.-A. Chen et. al, Nature Physics 4, 103 (2008)]
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A Novel Entanglement
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A novel entanglement

Momentum conservation

ks = kr + kw — kas.

Entangled state
BS:

- ¥)=—=(|H) R)+ " V)|L))

1
J2
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Characterization of the novel
Atom-Photon entanglement source

1.0 2.7

_ 2.6# i i i i
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anti-Stokes detection rate p, .(x1 0°) Storage time {us)
Visibility of the entanglement entanglement storage

[S. Chen et. al, Phys. Rev. Lett 99, 180505 (2007)]
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Entangling two Remote Atomic Qubits

@) R+ L)L)

=R

_
To polarization / )
analyze Atomic — 5ms —
ensemble | MOT control
/J\I_\
. ‘cleaning
Photon 1\ Cleaning & ;;f._:f—write
Write pulses ____| ’%_:gi:'___________
Otw Ots
' SMF2 -
N / Read pulse Trig on ]
! AT :
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Bell inequality

in 500 ns
5=2.26+0.07
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Swapping result
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Entanglement generation via
300 m optical channel

0.5

(W)=-(0.33£0.02)
<0

ization components
o
w

F= Tr(p|c1>+>w (@

S~—

Fraction of polar
o

=0.831£0.02

0.0

(a)

©
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T
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HH HV VH VW (¢ 00 00 O

Polarization settings

[Z.-S. Yuan et al., Nature, under review (2008);

preprint available at http://arxiv.org/abs/0803.1810]
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Extending the Lifetime by “Clock State”

Dephanz2 o=l m28 2l 02 5 r>
m.=1 ,
_ < 1 5P, F=10ate
=2 =t m=0 1—”“1 —rm‘z 5P, F=2
m,=-1 m,=0 mF1
|52P3,2,F:1
7T 7C
After M 795nm B=3.23G 780nm

m,=-2 m,=-1
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long coherence

times ~ 2sl |
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m=-2 1 m=0 :
+
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m=1__m=0 m=1 oS >4
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Extending the Lifetime by “Clock State”

Lifetime limited by loss of atoms

Even longer lifetime requires colder atoms

4 )
-2 -1 0 +1 + | .
P 2N T N 12" i
! . T =(1.0+0.Dms|
10- -
81
% 6
(@) d
4-
I 2_
— O_
0 400 800 1200 1600
—\!ﬁ,.,,
N J

[B. Zhao et al., Nature Physics, under review (2008)
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Outlook

1. Long lifetime high retrieve efficiency quantum memory

° Imf="1,F=1> & Imle,F=2>
2s @ 3.236

i

MOT beams

*  Prevent atom motion

> Trap atoms in photonic
band gap hollow core fiber LE=0

> Trap atoms in optical lattices
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Outlook

2. long-distance quantum teleportation of atomic qubits

Preparation of Write and =
Atomic qubit Read (i

Process

Qr Atom-Photon Read A's==|e
Entanglement ag f -

|a>

SMF2

Deterministicly preparation of o ‘R} +3 ‘L>

Jian-Wei Pan Physikalisches Insitut 04.06.2008 Uni-Heidelberg




Outlook

3. Quantum computation & quantum simulation

- Efficient and deterministic generation of
single photons & entanglement via feedback circuit

- Generation of “cluster state”
* One-way quantum computing

* Quantum simulation

information flow

tt+ttt 72 20t

T R S TI
Ol

t 2ttt 2ttt ot
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Outlook

4. satellite-based quantum communication

- Quantum teleportation

/
/

Quantum memory

w

/UT A-P Entanglement

Telescope
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Brilliant Future




