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Goal: control Rydberg interaction between few (10 — 100) atoms
(No ensemble average)

Quantum state engineering
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1. Basics of entanglement



What is entanglement?
2 systems A, B

2 d° of freedom

2 modes

Superposition principle = |pap) = chm|nA> QR |mp)

nm

Separable: [PAB) = |0a) @ |dB)

Non-separable = entangled: |¢aB) # |pa) ® |¢B)

MOST states are entangled!!



Two-level systems

) 2-level systems: atom, quantum circuits,
1) spin, polarization of photon

Rotation (e.g. polarizer, Raman, microwaves...)

nay O
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e S111 5 COS 5
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What is so special about entanglement?
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1. Perfect correlations (even at very large distance...!)
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What is so special about entanglement?

o M 1
// —
) ) /2

1000 km
A B

(] {a,TB) + | Ta,lB))

1. Perfect correlations (even at very large distance...!)

P(la|ls)=1 P(lalls)=0
P(Talle)=1 P(Ta|1B)=0

2. You CAN NOT assigne a state to A or B = system as a whole

1 1
pa = Trppap = 5\ (T |+ §| D Statistical mixture

3. You CAN NOT “dis-entangled” by a LOCAL rotation

Non Local Quantum correlations



Classification of entangled states

Bipartite Hap =Ha®Hp

Pure state [PAB) # |P4) @ |0B)

Mixed state  p # Zpi\aiﬂad | b;){b;] (pi =0)
Multipartite @Huap=HaQHpIHc® ...

Pure state  |PaBC...) # |9a) ® |9B) @ |pc) @ ...

Bi-separable  |[¢aBc...) = |p1) @ |P2)
\ J \

)
| !

n N —n

Fully entangled: not bi-separable w/r to any bi-partition of the system



Examples of inequivalent entangled states

GHZ-state IGHZ) = —=(IT.T. ) + 11, 1, 1))

7

W-state W)=—=(1LL+[LT,L+ILLD)

ﬁ
No LOCAL rotation can transform GHZ state into W state

=> defines 2 inequivalent classes of entanglement

2 systems 1 classe
3 systems 2 classes PRA 62, 062314 (2000)
4 systems O classes PRA65,052112 (2002)

Beyond ...?



Preparation of entangled states (1)

1. Conservation laws Atomic cascade (e.g. Ca)

Radio-active decay J=0
o5 U — 55'Th+ 5He J=1
a0 €&=—— O —>01h 1=0
1 1
— (lp, —p) + | — », — (|04,0_) + |0_,0
ﬂ(!p p)+|—p,p)) \/5(\ +,0-)+[o—,04))

2. Some “symmetry”: e.g. identical particles

Bosons 1 and 2 in two states ¢, and ®p

rosen(1,2) = = (0a(1n(2) + 60 (2)00(1)

I

Fermions: Pauli principle

¢fermion(17 2) — (¢a(1)¢b(2) — ¢a(2)¢b(1))

1
V2



Preparation of entangled states (2)

3. Interaction between the sub-parts
H:HA‘I'HB"'Hint

[ha) ® [¥5) > e R (ja) ® |0B)) # 1Y) ® [P)

evolution

Examples of H. .: Spin orbit coupling CL-S
Hyperfine structure A.J.J (ground state of H)

fiA- LB
3

Magnetic interaction

Generic Heisenberg H. .: JS, - Sy e.g. spin 1/2 I 1Y = [ 11)

Generation of “cluster” states: Hint = J(1 4+ o(®)(1 +c®)) (Ising)

4.J

DY +1Da(D) + D=L+ [TD+[ID+e“11) o= -t



Preparation of entangled states (3)

4. Projective measurement

Prepare ITTTT ...)

Apply “small” rotation |T) — |T) +¢€|l) e < 1

ITTIT ) == (D +elDalD) +el)BT) +ell)e--

o [T o)+ | LTTT o)+ [TUTT ) + [ 1TLT ) O(e?)

Non-destructive measurement of |]) (e.g. with cavity)

1
= = (LT + 1T ) + 11T )

Heralded entanglement (probability €?)

Project onto: |W)



Bi-partite entanglement and non-locality

Bell inequality tests (1964)  |¢) = % (|lzx) + lyy))

9 —
Aal a_ Entangled state = S(7/4) = —2v/2
/
'Z’ b Classical local correlations = [S(0)| < 2

Non-locality 1t

rAp > cl = A and B not causaly related
B
-+

>
A X Entanglement between A and B possible




Quantification of entanglement: quantum state tomography

For Natoms p = E Ninipic.. Oig @0ip @0 ...

TALB,1C ---

where A, ipic.. = {(0i, ® 0y ® 0i...) (V-1 coefficients)

Measure (0;, ® 0ip ® 0i....) => reconstruct the density matrix

' ln.

& % e.g. Bell states of 2 ions
PRL 92, 220402 (2004)

-~ '- '
e .:-,__4.‘1\""

Le largest state characterized:
8 ions W states, 65531 coefficients "
10 hours of measurements!

Too hard for “large” systems

Nature 438, 643 (2005)



Quantification of entanglement (1)
Bipartite ~OK: Schmidt decomposition, entropy, concurrence...

Multipartite
Pure states: generalized Bell inequalities (PRL 104, 240502 (2010))

Mixed states: no general criteria (even if you know p)
=> use weaker criteria

Fidelity: want |¥t) , measure Pexp F = (V| pexp|¥t)

1
Separable state = F < 5 CA Sackett etal, Nature 404, 256 (2000)

Quantum qon-locality (Bell for 2 at.)

. i > 5
/2 1/V?2 1
)\ J
| |

Separable entangled

_ ol




Quantification of entanglement (2)

More generally: entanglement witness operator W

separable state = (W) = Tr(pexpV) > 0

A

(W) < 0 => entangled state

Examples:

1. fidelity W =1—2¢)(ts] = (W)=1-2F

—

2. Energy of spin 1/2: H = —JS, - S, (J > 0)

Separable: (H) = —J(g ) +( §b> = —— < (H) <

3J
4

Sy < ?
4= 1

Singlet state: 7(|Tl> LT)) = (H) =

Choose W =1 — # Useful for macroscopic measurements



Entanglement is fragile...

Atomloss |GHZy) = (| 1)+ L))

%|

—> pON-1=

T )T ol 51 L)L

N-1

DN | —

GHZ strongly correlated

While: |Wyn) —> |[Wpy_1) W weakly correlated

Phase fluctuations (fluctuating B, E field)

GHZ(t)) = % (1117 ) + e~V 1] )
Pt =e N and  (em Nty o e R

Decoherence faster when N large



Coherence

=1)

Ratio of error (N)/e(N

Decoherence of a GHZ state

N-ion string

PRL 106, 130506 (2011)

1.0

(a)

08F
one qubit

0.6

04
two qubits

three qubits
four qubits

six qubits

olo | | |
0 1 2 3

Waiting Time (ms)

80 1 I 1 1 I 1 1 1

(b)
70 |

60 |-

S0 ]
40 |
30 I
20 |-

10 e o

0 - T 1 1 Il 1

1 2 3 4 5 6 7 8
Number of Qubits



But you can protect it...!

1

Start from |GHZ) = 7

(ATTTT) + 1LLLD)

) —
Energy 0 Energy 4hw

Apply local rotation on “atom” B and D
(does not change class of entanglement)

x/—(!TlTl>%-\lTlT>)

N [ W
2hwg 2hwg
evolutlon —i2wot insensitive to
_l_ 0
fmm D) e = e ation of o

Decoherence free subspace



Entanglement, measurement and classicality

Enwronment}

{1€+),1€-)}
(ExlE-) =

(alg) + Ble))s @ [0)amr @ o) E # (alg,\) + Ble, /")) sm @ o) E
m) [V)svr =alg,\,E) + Ble, /L E-)

EntanglementS—M —E

psm = Tre([)(W]) = |al® g, \){g, \ |+ 1B1° le, e, /|

Statistical mixture: get |g) (proba | |?) OR |g) (proba |a|?)



Entanglement = resource for quantum metrology

Frequency standard

|F=4)
W =9192 631 770 Hz I 133(¢
—o— |F=3)

Applications: test of relativity, navigation using GPS...

Today, best atomic clock (ion based) Av/v ~ 10/

We can do better using entanglement!

Prepare N atomin |ggg...) + |eee...)

) [999--) + e@otyeee...>

v/ N more sensitive measurement
> ¢




Entanglement = resource for quantum computation

Help solving “hard” problems: factoring (Shor)
searching (Grover)

Encode information on a qubit: |0), |1)

Elementary bricks (“circuit” approach):

One-qubit gate

Two-qubit gate

0) u,

C —

t_

I~
0) ®0) ® |0)... §

N qubits %

U,

interfere
& entangle

N 1)

Exp L
Ln

Time calculation

size L
a|0) + B[1)

0Y(0] @ Id + |1)(1| ® o
C-NOT

| \ij> Highly

entangled



Engineered entangled states: state-of-the art (2013)

PRL 106, 130506 (2011)

3 supracond. qubits W (F=0.78), GHZ (F=0.62)
Nature 467, 570, 574 (2010)

n‘\ﬂ 3 Rydberg atom GHZ (F=0.57)

Science 288, 2024 (2000)

) ) 2 ground-state atoms |
[ o Bell (F~0.75) 50 atoms cluster state

PRL 104, 010502, 010503 (2010) Mandel et al., 425, 937 (2003)

8 photons (H,V) GHZ (F=0.71)

Nat. Phot. 6, 227(2012)

rdinary |V ';J/"
(horizontal) IH‘ Ve + [V\‘H .
AV/e /s



A short bibliography on entanglement

Theory (from “easy” to hard...)

“Exploring the quantum”, S. Haroche and J-M. Raimond Cambridge

“Quantum computing and entanglement”, D. Bruss and C. Machiavello
Les Houches summer school 2009 (Singapore)

“Experimental procedures for entanglement verification”,
PRA 75, 052318 (2007)

“Entanglement in many body system”, RMP 80, 517 (2008)

Experimental papers on quantification of entanglement

Q.A. Turchette et al., PRL 81, 3631 (1998)
C.A. Sackett et al., Nature 404, 256 (2000)
D. Leibfried et al., Nature 438, 639 (2005)

Review on Rydberg and QIP Saffman RMP 82, 2313 (2010)



Outline

2. Entanglement and 2-atom gate using Rybderg blockade



Trapping two atoms in tweezers: well-defined geometry

Dipole trap A ens | AtomB
/
1 — > I 2 —20 um
W "~ Atom A
Vacuum
\/ See talk YEA H. Labuhn
Dipole trap B

One counter / atom

[T T T T T T T T T T T T T 1]

§ T I L

I

Fluorescence (780 nm)




Two-photon Rydberg excitation (8’Rb): well-defined states

A
58d —— ——— F=31|r)
o*, 475 nm Op
297 nm
A A=T20MHZ o Srilp
P ——— F=2 2A
7, 795 nm QR
See talk YEA H. Labuhn
. ——— 9)
v S1/2

Detect atom loss = Rydberg not trapped

Miroshnychenko et al., PRA 82, 023623 (2010)



vdW interaction between 2 atoms

2 atoms A and B with states ns, (n-1)p and np; distance R

s 1 “AAB . JAAB |, 3AAB
V= (2474 +d%d® + d4a¥)
np, (n-1)p .-~ 0
O3\ 2 2
d(n) I ] \/52+(§> H = ( C—fé,
ns, ns o |ns,ns) &
. TS . Cs
(nsjm;nsjm|V[npj'm’; (n — 1)pj"m") = o3
Ex.. n=60 2
8= 5-10 GHz, = AFEpgns = L (%) — Qg
C,/R®~100 MHz 20 \ It R
1C
ns,ns)’ = [ns,ns) + gR—g\np, (n —1)p) = |ns, ns)

In the vdW approximation: shift of |,r) only...



A note on vdW interaction between 2 atoms: role of symetry

There are 3 two-atom states!

np, (n-l)p (n-l)p/ np

dn) | Cs Cs
ﬁ ns, ns R3



A note on vdW interaction between 2 atoms: role of symetry

There are 3 two-atom states!

%(\np, (n—1)p) + [(n — 1)p,np)) %(Inp, (n—1)p) — [(n — 1)p,np))



A note on vdW interaction between 2 atoms: role of symetry

There are 3 two-atom states!
1

V2

(Inp,(n —1)p) + |(n — 1)p,np))

C C
Still two-state model, but: Ri > R:;\@

Typical interaction strength: ~ C.(43s) = - 2.4 GHz.um®
C¢(53d) = 15 GHz.um®
C,(82d) = 8500 GHz.um®

=V 4 ~ 1-100 MHz for R ~ few um



2 atom energy

Rydberg blockade: “addressable” version (U. Wisconsin)

>

O < >0
2ET o g) A R 3
ET | rA;g|3> |gAl r|3>
O ——
|84 85)



2 atom energy

Rydberg blockade: “addressable” version (U. Wisconsin)

A —
2E AEY .. e TR
A B
ET | rA;g|3> |gAl r|3>
O ——
|80 85)




2 atom energy

Rydberg blockade: “addressable” version (U. Wisconsin)

>

N

m
l
1

|rp88)

rm
1
T

E. Urban et al., Nat. Phys. 5, 110 (2009)

|8 Ts)

T t M/ '+H
\ | 4
\
\ -
\‘\-
\\
N\
90d — ) No control atom
5/2 p O .
® With control atom
0.5 .1.0.“‘1.5.“‘20. 25




2 atom energy

Rydberg blockade: “addressable” version (U. Wisconsin)

>

N

m
l
1

rm
1
T

E. Urban et al., Nat. Phys. 5, 110 (2009)

|8 Ts)

10 [F=c T ' <£
L + o] ‘+ 1 o
08[e N - | /%/ b4
w 0.6 “'-\_._‘C //
L l'\:‘“ //
0.4 [ '\\ //4/
0.2 [ 90d 5/2 ~— ) No control atom
[ P ® With control atom
OOI l I‘O.S‘ .1.0. “I.SIH‘Z.O. 25



Rydberg blockade: “addressable” version

The “blockade radius” picture

" > i Rabi formula:
"""""" P.(t) = =55 sin’ VI + Viaw t
Q + VVdW 2
0 0 DefinesR,:  AQ = Voaw (Rp)
PI’ max (1): ) ‘ ‘ |
80) o
Atome B when o
Ain |ry) 02

0.0 ‘
5 10 15 20 R

Blockade alone does not provide entanglement :
need indistinguishability w/r excitation
=> collective excitation



2 atom energy

>

N

rm
L
T

rm
L
T

Rydberg blockade: collective excitation (10 Palaiseau)

|rp88)

|8,,85)



2 atom energy

>

N
m
I

rm
L
T

Rydberg blockade: collective excitation (10 Palaiseau)




2 atom energy

Rydberg blockade: collective excitation (10 Palaiseau)

>

| ABT
1 1k-r 1k-r
—2(€k Alrg) + €7 B|gr))
£+
O-_
18,85)
he)

5 (1) gl € + lg)r] =)

Hy-1,=HA  @ldg +1da @ HE_;

Recall (RW approx.): Hgt_L —



2 atom energy

Rydberg blockade: collective excitation (10 Palaiseau)

A ——
AE i | rA'rB>
7]
1
T <€zk rA|7“g> + et
2
£t
(™" |rg)

O e
|8 85)
h$

— (Ir) (gl €™ + |g)(r| e~ ™"s)

Recall (RW approx.): Hgt_L =5

Hy-1,=HA  @ldg +1da @ HE_;



Rydberg blockade: collective excitation (10 Palaiseau)

>

Collective 2-level system

N

m
l
1

1
V2

(eik-rA|,rg> i 67Zk-rB|g,r>)

2 atom energy
m

V2

1.0
8veg),,

t

0.6

0.4+

Excitation probabil

A. Gaétan et al., Nat. Phys. 5, 115 (2009) 0'2__
0.0

T T T I T T
0 40 80 120 160 200 240

Duration of the excitation (ns)

280

I T
320




A Collective 2-level system
2E T
§ 1 1tk-ra 1k-rp
5 | —= (e rg) + e gr))
5 ] V2
£
S
M
~ OV2
OoT 1.0
-
z; 0.6—-
A. Gaétan et al., Nat. Phys. 5, 115 (2009) . 0'2__
o0’

Rydberg blockade: collective excitation (10 Palaiseau)

9, 9)

)
I4|0I8|0I

]

@

n

I T I T I T I T I

120 160 200 240 8
Duration of the excitation (ns)

—
0 280 320



Rydberg blockade: collective excitation (IO Palaiseau)

>

If r, and r; fluctuate from shot-to-shot: not entangled!!

N

m
l
1

1 |
V2 (GZk'rA|"ag> +etiers |97“>)
E--

2 atom energy

-
5

o
:
o
|

|8n8p)
"g 0.6
A. Gaétan et al., Nat. Phys. 5, 115 (2009) " 02 N
/GTO) ' ; — T T T T T T 1 . T 1
|g7 g> 0 40 80 120 160 200 240 280 320

Duration of the excitation (ns)



Entangled of two atoms using the Rydberg blockade

Collective excitation version

) 4—p )

AFE

1) 1)
1) 1)

A B
(e™T A r, ) + ™72 1,1)) k= kg + kg

(ei(k-rA—k’-r;‘)| L, T> i ez’(k-rB—k/'er)| T, l>)

= —( LN +e?[1.1) with ¢=k-(dra —rs) (k~K)

If atomic motion frozen = dr4 ~ drg ~ 0



Analyzing entanglement

W+>=7(|l 1T D)

Measure the density matrix

( Pll a b C \

a” (£
" (PiLu

\ ¢

>
|
f
H
—
— |-
H
D Q.

[LLLIETITDETT

Extract the fidelity

| F=(wilolvy) ]

1
F = §(PlT + P +2R(py1,11))



Raman rotation: check coherence of the superposition

................................ 100

80 | l> /\

s ) 1 1%, °
795nm (), () 40- ’\E(HH(3 l>)l\/
PP LI,

nF=1(%)

Populat

1
— 0,0 A N s S S S
N QR — L 2 ° 1 ’ ?Z)uratiod;w ofRa5man pl?lse (pLs; ° ° °
T — @ 24
Global rotation on the two atoms: R4 p( = Ra(0,p) ® Rp(0, )
) = (| L 1)+ 1,1) < > (L1 =111
\/_
2xQRaman

= p(0,9) = Ry '5(0,9) - p- Ra,s(0, ¢)

Rotation p — p.ot => transformes coherence into population



Probability P | (2g,,t)

0.5

Measurement of entanglement

0.4 -

0.3

0.2-

0.1-

0.0

0.0



Measurement of entanglement

0.5

0.4 -

1
—(2F-|— 3P| +3P) =~ 0.17
03] ¢ : 8

0.2—- , ; o /
0.1—: ‘ ' }

OO/ T | T | T | ! |

0.0 0.5 1.0 1.5 2.0
Q.. t/2xn

Probability P | (2g,,t)

Ram

Py, ~ 0.06

[ = F'~0.46 < 0.5 J Details in Gaétan et al.,
NJP 12, 065040 (2010)




Atom losses during the entangling sequence

A4
P

Entangling sequence

A\
v \9/ Pairs of atoms

o\
A\

\/ \/ Fiotal ='0'46
\/ \/ o= Fu] 062

pairs
Etc... Etc...
Y Y

Pairs of atoms Losses [ Fpairs = 0-75 = 0.07 ]




Partial state reconstruction and error budget

State prepared: Pezp = 0.46|0) (V4| + Pjunk

After loss correction: péxp = 0.75[¢Y4 ) (V4| + Pgunk

/0.1 a b C \
, | o 038 038 d
Pexp = | p* 038 038 e

\ ct d e 0.1z ) 1LY LT TT)

Error budget F ;.= 0.75:
Imperfect blockade 0.12
Technical (laser stability, sp. emission) 0.1
Motion of the atoms 0.03

Wilk et al., PRL 104, 010502 (2010)



Influence of the motion of the atoms: how much frozen?

At

1.0
H ] At = 30 ns

0 1 2 3 4 5 6
Duree Raman pulse (us)



Influence of the motion of the atoms: how much frozen?

H

1

.04

At = 30 ns

At = 600 ns

0 1 2

3 4 3} 6

Duree Raman pulse (us)

Coherence R(p1.1)) reduced by 0.5

Theory: (e

kT

ik(’uA—fuB)At> — e~ M

KA o 0.45




Quantum gate using Rydberg blockade

D. Jacksch et al., PRL 85, 2208 (2000)

AFE
Sequence:
Ty — 270, — 7T
‘1> |1 A B A
0)
control target
Table of truth: 11 — 11 — 11 — 11
10 — 1r — 1r — -10
Ol - r0 — r0 — -01
OO0 - r0 — r0 — -00
Blockade
From mt-gate to CNOT U, 11
¢ 10
01
T H H 00

byl

10
11
01
00



The CNOT gate at uni. Wisconsin (1)

H-Cz CNOT AS CNOT a) optical
|I’> A A A A A ipumplng
c) —@— 2n control site
== “S=
= 2| |4 8 =1| |72/ 46 ==
=10 um
‘1> - 3 4 780 nm EL )L 480 nm
4 - z,B
| > _69_ ‘0> n/;" 5v7t/2 \ 4 3v‘75I"
control  target control target S=> . «S-
target site

Table of truth: check blockade

ASCNOT ..

a) state preparation b) _
0.81 . _gq < : y 0.72 -
|00\>\‘<\\ ‘ -
output jo5<. ‘ . l10> . f-‘i&"ﬁ'r:gﬂt
\ o1 . g 101> ]
|nput |11 U 00>

N .
111> _~100>

Isenhower et al., PRL 104, 010503 (2010)




The CNOT gate at uni. Wisconsin (2)

H-Cz CNOT
Prepare entangled states 05— — — — 2 —— — —
04 | OI40 1 0.36
1
Prepare (|0)+|1))|0) 03 |
gate Zf
| 0n 00
0

Check coherence: global Raman rotation

11 = Foo + P11 — Po1 — Pio

0.5 _ Amplitude
> A = R(poo11)
Foop B4 1% PN 1
OSV{' F = §(P00+P11)+%(,00011)
0.5 1.5 2.5 3.5 F =058

analysis pulse gap (us) (with loss correction)

See also: Zhang et al., PRA 82, 030306(R) (2010)



Conclusion on the gate and entanglement

Proof-of-principle: OK
But needs to improve fidelity!!

And careful with the phases...



