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Why to build a network?

String of ions — Quantum Information Processor!

Significant LIMIT :
Number of ions (qubits) that can be
trapped within the same potential.
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Why to build a network?

String of ions — Quantum Information Processor!

Significant LIMIT :
Number of ions (qubits) that can be

trapped within the same potential.

50/50
beamsplitter

Possible solution for scaling:

“connect” strings of ions together,
using a (quantum) communication
channel

e
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Network architectures

Why quantum channels?

O Preserve state superposition
=> 92 % nodes classical states vs. 2110(:1'9S Quantum states

oTeleportation of quantum states ELU (Elementary Logic Unit)

N x N optical
crossconnect switch

N =100 — 10°
How to create a quantum channel? — use entanglement

The Future of Quantum Information Processing. Science, 339 (2013).
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Outline

o Creation of atom-atom entanglement
o Experimental realizations

o Perspectives & Discussion
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Creation of atom-atom entanglement




1 photon - 1 atom entanglement

o An atom with a short lived upper
state is excited by a laser

o Spontaneous decay can lead to the
final state |e)
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1 photon - 1 atom entanglement

¥ o An atom with a short lived upper
w | 0)e*? state is excited by a laser

|]_> it
,_ﬂ ' o Spontaneous decay can lead to the
final state |e)

o The state of the atom and the photon
becomes entangled
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Atom — atom entanglement

Process with two
distant atoms: ‘

T
A
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Atom — atom entanglement

Process with two
distant atoms: ‘

T
[ VI lg0e 4 mlenes | @

199,00 V/pe (1= po) (/@0a7900) | g, 1) 4 @0 t90.0) | ge,1) ). | ee,2)
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Atom — atom entanglement

Process with two
distant atoms:

"

T

199,00 V/pe (1= pe) (/@rater2) | g, 1) 4 ci(@r090.4) | ge,1) ) 4. | ee,2)

1 photon detection heralds a (potential) entangled atom state

9%y = % (I eg) +€* | ge))

(2 herald = “announce’
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Experimental realization
1 photon heralding event




Experimental realization |

o Two distant barium atoms in a *Ba’
linear Paul trap 6Py _

Oy,

o Application of a magnetic field %Fin D,
defines
o Quantization axis 5D;,
o Qubit states
6S

ﬁ m
Cooling and repumping  Electron shelving

Figures adapted from [4]
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Experimental realization |

o Two distant barium atoms in a *Ba’
linear Paul trap =

o Application of a magnetic field
defines

o Quantization axis
o Qubit states

L
/A

Cooling and repumping  Electron shelving

Figures adapted from [4]
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Experimental realization |

The emitted photons must be indistinguishable in all degrees of freedom:

o199, 0)+vpe (1 — pe) (e"’(“'“‘f’”ﬁ’ | eg, 1) + e'(Pr.5HoD.4) |96;1>)+--- | ee,2)

i & // detect photons without which way information
P

]¢i

Atom: photon  Photon: arrival
recoil time

[ |0%) = = ([eg) + € | ge)

APDI
e of (11 MHz)

Y
PBS HWP \—\\-

Raman excitation ( 77)

z
Mirror
+PZT

B-field

Cooling and repumping  Electron shelving Optical pﬁﬁping (©)

Figures adapted from [4]
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Entanglement fidelity

o Preparation of a Bell state by setting the phase

o _ 1 o ¢ =0 _ b e .
[¥)= (e +e?lon) 252 1wt = o+l 00)

ion distance & mirror position \/_

o How high is the fidelity of the entanglement creation?

F= (W) 97) = —(leg) + lge)
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Entanglement fidelity

o Preparation of a Bell state by setting the phase

ﬂw = Zsle+evlg) 250w = e+ gen]

ion distance & mirror position

o How high is the fidelity of the entanglement creation?

F=(UH0) (07 = = (leg) +1ge)

Pgg  Pgg.eqg Pgg.ge Pgg.ee
,(3 _ P;%g,eg fcg Peg.ge Peg,ee
Pgg,.ge  FPeg.ge Pge Pge.ee

p;g,.ee ng,ee p;e,ee Pee
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Entanglement fidelity

o Preparation of a Bell state by setting the phase

ﬂw = % (eg)+e?lge)) 230 o)=L (jeg)+| ge))J

ion distance & mirror position \/E

o How high is the fidelity of the entanglement creation?
1
F = (Ut |pwt U = — (leg) + |ge
(T [ple™) ) \/E(l 9) + lge))

Pgg  Pgg.eg Pgg.ge Pgg.ee
*

pggjeg }O(_”.g }O(_”.g:g(;’ pEg,EB
%

g Pgg.ge  Pegge  Pac Pgeee
pz;gaee ng,ee p;e,ee Pee
F = (lI’—I_lp‘\Ij_F [pge + peg + QRE(PEQ ge)}

one exmtatmn cnherence
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Entang\ement fidelity

one exeltatlen coherence

o How well does the 1 photon
detection herald that one atom is
excited?

05

- 045 045
1 1

Probability
o o o
S (O8] =

I I I

=]

—_—
o
o
o0

:
g

Result from [4]
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Entang\ement fidelity

one exeltatlon coherence

o How well does the 1 photon o© The coherence can be measured by
detection herald that one atom is  application of global rf-pulses:

excited?
05 38+3% 7
JF 1045 1045 4 |09 = = (| eg) + ¢ | ge))
- 04L L 1 0.5F |ge>+|eg> \/§
Z 03f 7,025+
3 5 |gey-ileg)
o 02r % 0F
“ ok 0.08 - & -0.2s)
I z
0 j —— 0.5F  lgeylegy . .
Pog Poe Peg Pee 0 g T %ﬁ o
9 + 3% Phase o< path difference between the ions

Result from [4]
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Entang\ement fidelity

one exeltatlon coherence

o How well does the 1 photon o© The coherence can be measured by
detection herald that one atom is  application of global rf-pulses:

excited?
05 38+3% .
D F 1045 1045 4 | 0% = — (| eg) + € | ge))
. 041 == - 0.5+ |ge>+|eg> \/i
Z 03f 7,025+
3 5 |gey-ileg)
g 02 s of
“ ok 0.08 - & -0.2s)
|
0 jﬂ —Lt 05  lgeylegy . .
Pog Poe Peg Pee 0 g T %ﬁ n
9 + 3% Phase o< path difference between the ions

=%[89%+38%]=64%

Result from [4]
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Experimental realization
2 photons heralding event




Two-photons setup
9)[vg) — l€}|vg) 9)|vg) — |e)|vg)

gy R

"Click" nEliek"
Click
) 50/50 beamsplitter ©

(|ga Vg)A - ‘6, VE)A) X (|Q:V9>B - ‘63 Ve)B) —
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Two-photons setup

9)[vg) — l€}|vg) 9)|vg) — |e)|vg)

"Click" nEliek"
Click
q) 50/50 beamsplitter ©

(|ga Vg)A - ‘6, VE)A) X (|Q:V9>B - ‘63 Ve)B) —
:( IgaVQ)A|Q?V9>B + ‘83V6>A|61V8>B - |ga V9>A|63V€>B - |6, V6>A|93VQ>B )
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Two-photons setup

9)[vg) — l€}|vg) 9)|vg) — |e)|vg)

% \
v{){‘//‘WM y AN WY

"Click" o
Click
9) 50/50 beamsplitter

(|9-,. Vg)A - ‘6, VE)A) X (|9?V9'>B - ‘ea V6>B) —
:( |9,V9)A|g,1/g)]3 + ‘BEV€>A|61V~B>B o |93V9>A|63V6)B o |6, Ve>A|gan>B )

Simultaneous detection of two photons (with the same polarization) after the beam splitter only if
they come with and if their wavefunction is antisymmetric.
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Two-photons setup

9)[vg) — l€}|vg) 9)|vg) — |e)|vg)

% \
v{){‘//‘WM y AN WY

"Click" o
Click
9) 50/50 beamsplitter

(|9-,. Vg)A - ‘6, VE)A) X (|9?V9'>B - ‘ea V6>B) —
:( |9,V9)A|g,1/g)]3 + ‘BEV€>A|61V~B>B o |93V9>A|63V6)B o |6, Ve>A|gan>B )

Simultaneous detection of two photons (with the same polarization) after the beam splitter only if
they come with and if their wavefunction is antisymmetric.

( - |g=Vg>A_|63V8>B - |63V€>A|Q&VQ>B + ‘ga VE)A‘B, Vg)B - |ga V€>A|B=VQ)B + |6, Vg)A‘ga Ve)B - |6, Vg)Alga j'r”e)B )
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Two-photons setup

9)[vg) — l€}|vg) 9)|vg) — |e)|vg)

VA N\
v{){‘//w%% y AN WY

"Click" o
Click
9) 50/50 beamsplitter

(lg,vg) A —lesve) A) © (l9:v9)B — lesve)B) =
:( |9,V9)A|g,1/g)]3 + ‘BEV€>A|61V8>B o |93V9>A|63V6)B o |6, Ve)A|gan>B )

Simultaneous detection of two photons (with the same polarization) after the beam splitter only if
they come with and if their wavefunction is antisymmetric.

( - |g=Vg>A_|BaV8)B - |63V€>A|93V9>B + ‘ga I/e)A‘B, Vg)B — |ga V€>A|B7VQ)B + |6, Vg)A‘ga Ve)B - |6, Vg)A‘ga jVe)B )

= (. —[(lge) = leg)) (lvgve) — [vevy))|— (Ige) + leg))([vgve) + [very)) )

After the measurement: (lgae) — lea9gn)) Entangled state!
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Comparison

Rainer Blatt’s group C. Monroe’s group

2013 2007

Heralding event Single photon detection = Two photons coincidence
Fidelity 64+2% <7 63+3%

_4 10° _9
Success probability 1.1 x 10 — 3.6 x 10
Entanglement events 102
(in 8.5 minutes) 119 — 1
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Discussion

Fidelity
64+2% <> 63+3%

» The fidelity is not high, main limitation is the residual motion >> cooling

Entanglement events

. . 10°
(in 8.5 minutes) 119 —

» One entanglement event in 5 s vs coherence time of ~10s

Success probability 105
1L.1x107* +— 3.6x107"°

» Main limit for the success probability is the efficiency for the detection of a
single Raman scattered photon
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Summary

o Quantum networks are essential tools for scaling and quantum
information transfer

o Entanglement between remote qubits (ions) needs to be created and
heralded

APDI

of (11 MHz)
&

’ PBS HWP \\-_—
]

[9)¥g) = le)lvg)

Raman excitation ( 77 )

\ig \Nw oo
Low probability of simultaneous o 1 photon detection heralds
emission of two photons with entanglement
different frequencies corresponds to o Rate increased by x 100
a lower entanglement rate o Fidelity limited by the which way

information from residual motion
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Back up slide
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Back up slide

(@) App1 (b) 198+
a

if (11 MHz) Raman excitation (1)

detection

Mirror
B-field TPz
APD2
Cooling and repumping  Electron shelving

Optical pumping (o-)

(C) Entanglement generation State analysis

m;j
6P, - Q

493 nm

6S
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