
Early Quantum Information

“The uncertainty principle imposes restrictions on the 
capacity of certain types of communication 

channels…In compensation for this ‘quantum noise’, 
quantum mechanics allows us novel forms of coding 

without analogue in communication channels 
adequately described by classical physics.”

--Steven Wiesner, 
sewing the seeds for quantum 

communication in 1969; 
appeared 1983



Quantum superdense coding

✓1 entangled photon each to Bob and Alice

✓Bob applies one of 4 U’s ➠
one of the 4 Bell states; sends photon to Alice

✓Alice: BSA ➠ infer one of 4 messages

Channel cap. = log2 4 = 2 bits/photon_from_Bob

B
A

2 bits

2 bits





only one qubit exchanged
but two classical bits 
communicated

Quantum dense coding

Bob’s place

Alice’s place

arbitrary 
distance

rotate
I,σx,σy,σz

Bell
meas.

EVE

eavesdropping on 
transmitted  qubit 
yields no information 



1.58 bits
or  log2 3

2 bits

Probabilistic schemes ineff. too3

4 out of 4, at most 50% efficient

Photon-photon interactions are
inefficient in practice2 ~10-9

With linear optics and CC, Impossible4

only 2 Bell states discriminated
for a 3-message encoding

In the original dense coding protocol1
Alice needs Bell-state analysis, however...

Entangled pair
of photons

B

A

√+

2 bits

1 Bennett/Wiesner (1992)  2 Kim et al. (2001)  3 Vaidman/Noran (1999), Lutkenhaus et al. (1999)  
4 Calsamiglia/Lutkenhaus (1999)  

2 bits
= log2 4









Actual 
capacity = 
1.18 bpp




Average fidelity:   85%
 CC = 1.16



PROBLEM: The input  
was a pulse with ??109?? 
photons.



Experimentally reported CC 
for quantum dense coding

Pol.-Time hyperentangl.
Schuck et al. (2006) Polarization

Mattle et al. (1996)

Ions (2004)
Schaetz et al.

Barreiro et al.,  Nature Physics 4, 282 (2008)

Limit for classical dense coding, CC=1bit

Limit for standard quantum dense coding 
with linear optics, CC=1.585 bits

Spin-Orbit hyperent. CC=1.630(6)

CC = 2.81 bits*

*Wei et al., PRA 75, 060305 (2007)





Let’s say we can do ~perfect 
superdense coding.  

Should we?



Quantum Teleportation
The basic idea  transfer the (infinite) amount of information

in a qubit from Alice to Bob without sending the qubit itself.
Requires Alice and Bob to share entanglement:

Remarks:
• The original state is gone.
• Neither Alice nor Bob know what it was.
• Requires classical communication – no superluminal signaling. 
• Bell state analysis is hard.

E.g. Alice measures photons        
C and A to be in a  singlet state.  
Then since 
C and A are perpendicular, and 
since A and B are perpendicular, 
C and A must be identical!













fidelity = 85 ± 2.5%









Entanglement Swapping
What if the unknown state is already entangled to a 4th particle?

Now these are entangled, despite that 
they have never directly interacted!

Teleportation



V = 65% (> 50%, <71%)



Entanglement Swapping

Might enable q. cryptography over longer distances (q. repeaters):

Requirements:
- quantum memory, so we can wait until we have a pair from both sides

L  (1%)
Need ~100 pairs

Need ~20 pairs
(if they can be 
successfully 
transmitted 
independently!)

- a heralded quantum memory



BOB

ALICE

Bell state

measurement
in Bell basis

rotation
unknown

input state

recover
input state

Teleportation

M. Riebe et al., Nature 429, 734 (2004)
M.D. Barrett et al., Nature 429, 737 (2004)



Teleportation protocol

i) Create entangled pair between
qubit 1 and 2).

ii) Prepare qubit 3 in arbitrary state √.

iii) Move qubit 1 to remote location.

iv) Do Bell-measurement on qubits 2
and 3, measurement outcomes will
collapse qubit 1 into one of four
possible states.

v) Correct qubit 1 according to the
measurement outcome, 
qubit 1 is now in √.



Teleportation experiment

Average fidelity 78% > 2/3 

M. D. Barrett et al., Nature 429, 737 (2004)
(also UIBK: M. Riebe et  al., ibid.)



Quantum teleportation with atoms: result

75 %

67 %

50 %

M. Riebe et al., Nature 429, 734 (2004)
similar results by NIST Boulder, ibid., 737 (2004)



Quantum teleportation with atoms: result

83 %

class.:  67 %

no cond. 
op. 50 %

- no post-selection
- teleportation at "any"
choice of time

- it works "always"
- only 10 m



2P1/2

τ ~ 8 nsec

Given photon emerges 
from polarizer

|ψ〉 = |g〉|blue〉 + |e〉|red〉

(post-selected)

select only 
�−polarization

1,1

0,0 = g

1,-1 1,0 = e2S1/2

Fast pulse

12.6 GHz

Linking atoms with phonons photons

Blinov, et al., Nature 428, 153 (2004) 
Madsen, et al., PRL 97 040505 (2006)

171Yb+

 =369nm



Single 
trapped

174Yb+ atom

beam-
splitter

optical
fiber

photo-
detector

photo-
detector

delay (ns)

g(2)(t)

excellent  
single-photon source

2ps pulses
@ 8.1 MHz

p~10−4

λ=369nm

Single 
trapped
174Yb+ atom

p~10−8



destructive interference
of these paths

Y.H. Shih and C.O. Alley, Proc. 2nd Int’l Symp. Found. Quant. Mech, Tokyo (1986)
Hong, Ou, and Mandel, Phys. Rev. Lett., 59, 2044 (1987) 

Y.H. Shih and C.O. Alley, Phys. Rev. Lett. 61, 2921 (1988)

Two-photon Interference

+−

++



Single 
trapped
174Yb+ atom

beam-
splitter

optical
fibers

photo-
detector

photo-
detector

delay (ns)

Quantum interference from 
two independent photons

Hong, Ou, Mandel, PRL 59, 2044 (1987)
Santori, et al., Nature, 419, 594 (2002)
Kaltenbaek, et al, PRL, 96, 240502 (2006)
Legero, et al., PRL, 93, 070503 (2004).
Thompson, et al., Science, 313, 74 (2006).
Felinto, et al. Nature Physics, 2, 844 (2006).
Beugnon, et al. Nature, 440, 779 (2006).
P. Maunz, et al., Nature Physics 3, 538 (2007)

g(2)(t)

2ps pulses
@ 8.1 MHz

Single 
trapped

174Yb+ atom

Tinteg ~ 2 hours
p ~10−8

1 meter



Now with odd isotopes (having nuclear spin)

| 〉 = (|↓〉1|blue〉1 + |↑〉1|red〉1)
⊗ (|↓〉2|blue〉2 + |↑〉2|red〉2)

insensitive to 
• interferometric phase noise
• ion motion

C. Simon and W. Irvine, PRL 91, 110405 (2003)
L.-M. Duan, et. al., Quant. Inf. Comp. 4, 165 (2004)
Y. L. Lim, et al., PRL 95, 030505 (2005)

…upon coincidence 
photon detection

⇒ |↓〉1|↑〉2 − |↑〉1|↓〉2

Single 
trapped
171Yb+ atom

beam-
splitter

optical
fibers

photo-
detector

photo-
detector

2ps pulses
@ 8.1 MHz

Single 
trapped

171Yb+ atom

p ~10−8

1 meter



D. Moehring, et al., Nature 449, 68 (2007)
D. Matsukevich, et al., PRL 100, 150404 (2008)

Fidelity F = 0.87

Concurrence C = 0.77

Entanglement             
of Formation E = 0.69

Bell Signal S = 2.22 ± 0.07
(28 hours)

Full tomography of entangled state
(rotate qubits before measurement)

Re(〉 ) Im(〉 )

Bell Signal S = 2.77 ± 0.20
(new)



2P1/2

τ ~ 8 nsec

select only 
�−polarization

1,1

0,0 = g

1,-1 1,0 = e2S1/2

Fast pulse

12.6 GHz

Teleportation

Blinov, et al., Nature 428, 153 (2004) 
Madsen, et al., PRL 97 040505 (2006)

171Yb+

 =369nm

Before: 
Equal superposition of |g> and |e>

 |ψ〉 = |g〉|blue〉 + |e〉|red〉

Now: 
State to be teleported:
α|g> + β|e>

 |ψ〉1 = α|g〉|blue〉 + β|e〉|red〉



qubit uploaded 
to ion #1

α|↓〉 + β|↑〉
ion #2 in 

known state
|↓〉 + |↑〉

Detect coincidence:
α|↓〉|↑〉 − β|↑〉|↓〉

Measure 
ion #1

|↑+↓〉 or |↑−↓〉
if |↑+↓〉 then ion #2 in α|↑〉 + β|↓〉

if|↑−↓〉 then ion #2 in α|↑〉 − β|↓〉

teleportation
between
remote atoms

Previous (local) ion-ion teleportation:
M. Riebe, et al., Nature 429, 734 (2004).
M. D. Barrett, et al., Nature 429, 737 (2004).
M. Riebe, et al., New Journal of Physics 9, 211 (2007).



teleportation
process 
tomography

tomography of teleported state

|↓ 〉
|↑〉

|↓〉 + |↑〉
|↓〉 − |↑〉
|↓〉 + i|↑〉
|↓〉 − i|↑〉

0.93(4)
0.88(4)
0.91(3)
0.88(4)
0.92(4)
0.91(4)

State
Teleported Fidelity

〈Fidelity〉 > 0.90
S. Olmschenk, et al. Science 323, 486 (2009)

1 bit: 12 minutes
1500 events = 300 hours



Probability of heralding per attempt

probability of 1 
photon emitted 
and detected

Prob. of having
singlet Bell 

state

detector
efficiency

solid
angle

branching
to 2D3/2 state

fiber 
coupling 

efficiency

losses

Rate of heralded entanglement

R = Γ p = 0.04/sec

excitation
probability



Quantum networking with probabalistic entanglement

Quantum repeaters
Briegel et al., PRL 81, 5932 (1998)

Distributed quantum computing with hybrid gates
Duan, et al., Quant. Inf. Comp. 4, 165 (2004)

Connection time:

Need to use multiplexing  try many modes (e.g., 
frequency, spatial, time-bin) simultaneously to 
establish connection between each set of nodes.



Detection rate:
245 trials over a system 
runtime of 220 hours.

P-value: 0.04 (~ 2 σ)
(p-value is the probability 
that local realism would 
produce results at least as 
extreme as those 
measured)
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