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The R-ION consortium — Who are we?

Goals — What are we doing and why?

Physics — State of the art (cold ions and atoms)
Challenge — Why is this difficult?

Status — Current exp. & theo. developments?

o ok o hoe

Future



The R-ION Consortium

Experiment

Prof. Ferdinand Schmidt-Kaler
University of Mainz/Germany

Expert in experimental trapped
lon physics

Prof. Jochen Walz
University of Mainz/Germany

Expert in experimental laser
physics and spectroscopy

Theory

Prof. Peter Zoller
University of Innsbruck/Austria

Expert in guantum information
theory and cold atoms physics

Dr. Igor Lesanovsky
University of Nottingham/UK

Expert in theoretical atomic
physics and spin systems



The R-ION Consortium

Kick-off meeting at Uberglingen/Germany 23.08.-25.08.11



The R-ION Consortium

Funding period

August 2011 July 2014

e
Requested funds

- six postdoc years for theory

- six postdoc years for experiment
- 200 kEUR for consumables

- 70 KEUR travel and subsistence

Aims

- explore and understand fundamental properties of a new
platform for quantum information processing and for
guantum simulations



The R-ION Consortium

Follow us on the web: www.nottingham.ac.uk/~ppziwl/rion

W r R-ION webpage |T| =) | = £ |
'.'.l" Google P| « B

(' l' wwew.nottingham.ac.uk/~ppziwl/ricn/indexphp ’ Cf|

R-ION

Rydberg excited Calcium lons for Quantum Interactions

| »

m

LF

Der Wissenschaftsfonds.

EPSRC | .
e e °p ch|st-era

PUBLICA
Welcome to the website of the R-ION consortium R
Funding 11.01.2012 Our paper Electronically
- Excited Cold lon Crystals has appeared in
The R-10M consertium receives the funding support of EPSRC , FWF and PT-DLR in the framework of the Physical Review Letter. Check out the
ERA-NET CHIST-ERA. Publications page.

30.11.2011 The R-10N project was

Mission statement
presented at the Kick off meeting of the

Trapped cold ions are among the most advanced systems to implement quantum information processing. COHEREMCE ITH at Heidelberg/ Germany.
In current experiments entanglement of the qubits, represented by long lived internal atomic states, is

achieved via quantumn control of the (collective) motion of the ion crystal. Instead, we propose an 05.09.2011 The R-10N project will be
unprecedented experimental program supported by theory, where the huge dipole moments associated presented at the QIPC 2011 - Conference

at ETH Zurich in September, ETH Zurich,

with Rydberg excited ions are the basis of extremely strong spin-dependent long range interactions, and
Cantember 5 - 9. 7011 =

IR T T SRR | AU S N T 1 T R T S T U I T PR DU < T 1 S 1



Rydberg excited rfor

- project merges two disjoined fields




Physics — trapped lons

Paul trap

- ions are trapped with electric fields (static and time-dependent)

Vpaul(r,t) = ea cos(wt) [z2 — y?] + --

trapping  anti-trapping

t=t, Trapping anion ...
- oscillating fiel Q endent) potential
- linear crystal a xment and low
temperatures

Coulomb repulsion
M




- lons can be individually
addressed by lasers

- internal states can be
manipuated and selectively  p 40Ca*

. 1!2 T ~ 7ns
excited

- application: Quantum Computing ~ 1 1S 5/2
Detection Quantum
. bit
qubit Manipulation




flip gate — single qubit gate
0) — |1)

1) (1) _ (1)
% > Hopy Y=

Quantum algorithm

°7== I\=i= | fj_t .

single qubit gate

CN(

qubns

state

2- qublt gate

target I Frr-r LI L

W 1)1) — |1)]0)

- two qubit gates possible because ions can
interact via vibrational modes of the ion crystal




- individually addressable
- decoupled from environment (can be trapped for days !!)

- Si ates with fidelity > 99% possible
-p — | efficiency
——— 50
Ap — 40
-u p— £ 30
220
-p 1ts 10
- U nputer
-u ulator
(se Laser 2land, Monroe...)
»Pr
- SC

- scalability required to do ,serious” quantum computation
- problem: interactions rely on structure of
vibrational modes (which need to be addressed by the laser)




Physics — Rydberg atoms

excited Calcium lons for
guantum interactions




Ultra cold ground state atoms

Bloch et al., RMP 80, 885 (2008)
- provide a universal toolbox for the study of many-particle problems
- great ability to control the interatomic interactions
- almost arbitrary shapes of external confinement realizable

- allows us to gain new insights into questions of condensed matter physics

Prototypical problem Lattices of light

2D 3D
? Model Hamiltonian M

H=_tz(bzbj—Fb;r-bi)+%Zﬁi(ﬁi—l)—p2ﬁi %
i i ; : ::

(%,4)
external (time-dependent) control
of the Hamiltonian parameters



Atoms in Rydberg states

>

berylium
4
Be
9.012._5‘_
maagnesium
12
24,305
calcium scandium fitanium
20 21 22
Ca Sc| Ti
40078 44,956 47 BET
strontium yitrium Zirconium
38 39 40 ?
Sr Y | Zr
A7.62 BR.906 G1.224
barium lutetium hafnium
56 57-70 71 T2 o)
Ba| *x |[LU|Hf g
137.33 174.97 178.49
radium lawrencium rutherfordium.c
88 89-102 103 104 [
Ra|*x*| Lr | Rf
[226] [262] [261]

Rubidium 39s

MMMMM/\/\/\/\N\N\/\A/\/\/\/\/\

121 nm

\



Atoms in Rydberg states

- hydrogen-like

- simple level structure

- long lifetime t / n3-> (1 %4 100 ps)

- large displacement between charges

Rydberg atoms via van-der-Waals or dipole-dipole interaction
Ce . dq - dq
dd ~
R; — Rpl® R; — R5[3

Vdw =

- interaction strength of MHz achievable over a distance of
several ten micrometers
- interaction is state-dependent



Rydberg atoms as (pseudo)spins

Energy level spectrum

n+1 —

n

nl

Rydberg states

n-1

Excitation laser

Low |ying state e———

1) = ( ; )
Hamiltonian
H = .U:U + .?’L

Rabi frequency Detuning

01 1 (10
""L‘:(1 o) n_2[02+1]_(0 0)



Rydberg blockade

T t D. Jaksch et al., PRL 85, 2208 (2000)
WO atoms M. Lukin et al., PRL 87, 037901 (2001)

Rydberg-Rydberg interaction

A
------- - 1)
: i Q
c 1), 1T
Q
| [J4)
: >

distance
blockade

radius » 10 pum



Interacting Rydberg Atoms

Two blockaded atoms N blockaded atoms
o
0060
Ve
‘lm. . . .
E;?ashitsag 115 (2009) $ Rabi oscillations
VNQ
» @ ®
:609 ° + :eee o + :Oee o
o @ @

Entangled states can be
easily created




Rydberg Atoms

- Rydberg states offer strong and fast interactions
- gates do not rely on vibrational modes
- interaction can be switched on and off

Urban et al.,
Nat. Phys. 5, 115 (2009)

- intrinsically scalable approach
- trapping over long times difficult

ANk

- implementation of quantum information processing schemes
- guantum simulation of strongly interacting spin systems
- cold atoms compete with ions




The goal of R-ION

| Join advantages of trapped ions
- trapped, localized qubits

- near unity detection efficiency

- quantum gate operations with 99% fidelity

- state and process tomography
/ W ion /1 N I 1T |

| with Rydberg excitations and interactions

- Rydberg blockade mechanism

- long range interactions

- fast gate operation

- independent of vibrational modes

... a2 hew approach towards a robust scalable quantum computer
... to simulate quantum many-body systems in the lab



The Challenges

1"@imenta

E, =
scandium fitanium
21 22
Sc| Ti
44 956 47 BET
yitrium Zirconium
39 40
Y | Zr
BR.906 91.224
lutetium hafnium
57-70 71 T2
* | Lu | Hf
174.97 178.49
lawrencium | rutherfordium
89-102 103 104
* *x| Lr | Rf
[262] [261]

2 n2d cohe
122 nm wa
violet VUV)

- need to co

Theoretical

- need to be
of Rydberg
- need to kn
- need to un
between R

Energy level spectrum

n+1

A

n-1

Rydberg states

Ground state

ies



Structure of proposed research

WP2 - Detection of the Rydberg excitation with trar ¢’Q‘ *ions
- trap design -\0‘\ "
- producing laser light at target wave! e(%
- understanding the atomic physi- 80

- perform actual Rydberg exc’ 6@* \‘0

WP3 - Rydberg- Rydberg in* QQ 60 <a*ions
- blockade exper ( Qe ystal
- theory of P @ (\ .iteraction
- impler ej‘ ‘ .Jlt gates
(@) .
WP4 - Q .on and Quantum Information
\\ ‘.h Rydberg lons
\,\ <ntation and simulation of spin Hamiltonians
- ¢ atum information processing in larger crystals



Experiment




Experimental sequence

* Doppler cooling
— Laserdiodes at 397nm,

866nm and 854nm F::/z
* Optical Pumping Y \ U
866nm
 Rydberg excitation ~___ 3512
: 3/2

* Detection

— Time < 10ms

397nm

— Only excited ions bright



VUV wavelength for Rydberg excitation

Energy of Rydberg states (n=10-100) ~ Rydberg spectrum

determines VUV wavelength

Ca®* [ N+l —
Ryd. — ”

=

2 nP
Par 122-131nm - A
P / S ‘

1/2 > n-1
(a'd
D

5/2 o
D312

- I35/2



Generation of VUV radiation

- Four-wave mixing (nonlinear effect)

H 1
g T :113)1:; in mercury to generate VUV radiation

580/555 nm
718 - Pyuy / P254nmP 208nm |X(3)|2
=
408nm - increase |3 |2 (third order optical nonlinearity):
6P —one photon resonance 6'S-63P
VUV —two photon resonance 61S-71S
122-123nm —one photon resonance 61S-10'P/11P
S— v
254 nm —~
6'S triple resonant scheme: enhancement of 10*

original purpose of laser system: (anti-)hydrogen spectroscopy



Setup fundamental lasers

SHG: second-harmonic generation

BSO: beam shaping optics

LBO/BBO/PPLN: nonlinear crystals
EOM/AOM: electro-/acousto-optic modulator

([ Diode ) 1110nm ( Ytfiber } >10W SHG >3W
| laser J /1160 nm | amplifier | lLBOlPPLN] 555/580 nm /AOM \

Ti:Sa | [ SHG ) 300 mw
Laser J8158nm| LBO | 407.9 nm

to Hg cell

[ Yb:YAG | SHG ) [ SHG ) 200mwW
_disclaser Jin148nm| LBO J5074nm{ BBO ) 253.7nm

Experimental value: 6 pW @ 121.26nm 1

[1] Kolbe D., Koglbauer A., Scheid M. and Walz J., to be published



Calculated four-wave mixing efficiency

- not all wavelengths can be generated efficiently

200 —— 400 F— .
-‘g Hg11'P Hg 10'P
300 |
3
Z 100 Fca* Rydberg /0 1200 F
@ transitions
e 100 |
| 25 23
D ] M 5 M " L M 5 F D . 1 .
122 122.05 122.1 123.1 123.2 123.3 123.4
wavelength nm wavelength nm

Highest calculated efficiences:

50uW/W?  for 24P,

150uW/W3  for 67P;,

Estimated VUV-power: Calculated Rabi frequencies:

9uW  for 24P, 5.2MHz  for 24P,
27 UW  for 67P,, 1.8 MHz  for 67P,,



Our (colourful) laser lab




Experimental setup of four-wave

MIXing in mercury

four-wave mixing region separation interaction region

...............................
- -
- L

¥  fundamentals I
§

PMT| |

s S 4
-, * - -
.............................................................

PMT: photomultiplier tube

This combined setup exists since last week.



The vacuum chamber

ised g
XTZ\')? ey *ﬁ*’f”
e -
10" detector
A —

s

- MgF, — lens separates laser vacuum and ion trap vacuum
- flexible connection between laser vacuum and ion trap
(laser focus can hardly be moved)



The Rydberg Trap




L=10mm
* Linear Paul trap
* Simple, symmetric design
— Trapping of big ion crystals
* Pinhole in endcaps
* No isolators facing the ions



RF and DC electronics

* V,.Amplitude up to
1000V with 5W amplifier
and quater-wave-
resonator

* 1/MHz RF-Frequency

* Up to 2000V Endcap
Voltage

e Compensation with DC
electrodes and special
compensation electrodes

[
[

®
len crystal

Rod /

J _____

Rod

L=10mm

BRERRRRRA L L)






Stability of Rydberg states

- electron is losely bound by the ionic core
strong electric fields that form the trap might lead to ionization

classical potential for electron saddle points at
2¢2 1/3
V= — 2 2 _ 9.2 _ [ e ]
Ameqr +ep [a: Y - “sad == Areo 3
t V()

gradient that would lead to ionization

P 1

4 e'm V 1
= = 1.44 x 10*' — x
& 27 (4men)*hn® m2 nY ﬁ

multi-phonon and Landau-Zehner transitions due
to oscillating field are neglible in a typical
experimental environment one is safe up to n'450...70




| Jul\
. /-

2 150
_adrupole fields

- ions ar<-4 100
.

- far fron - 1milar to that
of field- *°

- calculai 0_ {lectron
approxi

‘Tnpl 1o = 1.534 x (n — 1.436)2-207 ns\

-n=24 - 16 us
- n=67 = 350 ps (most certainly overestimated)



Spectral properties

- time-dependent inhomogeneous field of Paul trap

Vpaul(r,t) = eacos(wt) [z® — y°] + efla® + y* — 227

- coupling between internal and external dynamics
- internal and external motion are not separable

Hint_ext = —2e[acos(wt) (Xz—Yy) — B(Xz+ Yy —222)]

\ / Rydberg

_ . state
- electronic levels are shifted

- confinement is altered

\ /

\\ // ground

N_ state




Linear to zig-zag transition

Linear to zig-zag transition

- linear configuration

- increase longitudinal confinement

—




State-dependent crystals

- transition is controlled by static field gradient 3

- critical gradient By = 5 e«
. 0 — .
for three ions: 29 + 5 M2

Additional potential due to
polarizability of Rydberg state

Rydberg excitation



State-dependent crystal

- Configuration of the crystal depends on field gradient
and on whether a Rydberg state is excited or not

—
§ Q) = 27 x 30 MHz
o a =107 V/m?

= e =0.15

an N

L (a) r -
1.12F ' $ Po _
| 1 | 1 | 1 | 1
34 36 38 40

Principal quantum number



Rydberg excitation of ion crystal

- even the excitation of a
single ion to a Rydberg
state is a many-body
phenomenon as the
entire crystal has to
rearrange

W. Li and I. Lesanovsky, Physical Review Letters 108, 023003 (2012)



Possible applications

- creation of large coherent forces

- creation of non-classical motional states

- spin systems on dynamical lattices with strong
electron-photon interaction




Interactions between Rydberg ions

internal atomic structure

R=R,-R,
becomes important if Y
electrons are excited to kﬁ' "~ n=R/|R]
Rydberg states )
ions exhibit a charge, a dipole and quadrupole ....

B
v

Multipole expansion

Coulomb
repulsion Charge quadrupole interaction

V(R,r1,12) r2 —3(n-r;)2+r3 — 3(n-ry)
e2 (4meg) 1 IR 2|R|3
(ri —r2)-R|,|r1 12— 3(n-r1)(n-r3)

R|3 | R|3

charge-dipole dipole-dipole
interaction interaction




To do — Outlook

- Calculate interactions between excited ions

- tune interaction strength and shape with microwave fields

- implement quantum simulator for spin models

- implement quantum gate protocols based on Rydberg excited ions

- find ways to create wavelengths for transitions different to n=24, 67

Emerging collaborations

- M. Hennrich (University of Innsbruck)
Rydberg excitations of Strontium ions

- M. Miiller (Universidad Complutense de Madrid)
Simulation of spin systems with trapped ions

F. Schmidt-Kaler et al., New Journal of Physics 13, 075014 (2011)
W. Li and |. Lesanovsky, Physical Review Letters 108, 023003 (2012)
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