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QSim

8  Quantum Simulations (with ions)

+ Ulrich Warring [NIST]
+ Leon Karpa [MIT]

TIAMO ;
Trapped lons And MOlecules §¥

col. Porras, Bermudez
scaling OSim in rf-surface traps

’ﬁ fzﬁiﬁﬂ ﬁ Basel

optical trapping of ions (and atoms)
/%&
col.
Lukin, Cote, Moszynski, Morigi
+ decoherence assisted
spectroscopy [NIST]

+ topological defects [PICC]
col. Rezink, Landa, Retzker




2D Analogue Quantum Simulations
Exploiting lons (and Atoms) in Optical and RF-Traps

= QSim: 2D arrays of rf-traps
=>trappology
=>»precursors (expl. decoherence)
+ [QSim - gauge fields]
+ [dissipation assisted entanglement]
+ decoherence assisted spectroscopy O

=> optically trapping of ions and atoms

=>» trapping of topological defects
+ defect assisted entanglement

IQsim 1 2013



2D array - rf surface

Towards (scalable) quantum simulations in ion traps

T. SCHAETZ®, A. FRIEDENAUER, H. SCHMITZ,

L. PETERSEN and S. KAHRA
Max Planck Institut fiir Quantenoptik, Hans Kopg
85748 Garching, Germy

T. Schaeiz et al.

Cross section

=»extend into second dimension (arrays of ions) [see also Chiaverini, Hensinger, Blatt,..]

=>»optimize architecture for guantum simulations (no cryogenics, large J

spin/spin)
=> (potentially without lasers)




1 collaboration:
2 D - S C al I n g Roman Schmied

[
)
tilt

- minimal distance z~40um (J~z3~kHz) I

. . , Z
optimize (2D) trap architecture: ‘ <

- maximal height h>50um (heating~h-4)
- tilt of axis (access all dimensions) |

increasing h @ z=40um

first step:
1D surface trap

2mm

collaboration:
Sandia National Laboratories




2D scaling

optimize (2D) trap architecture:

collaboration:
Roman Schmied

‘?’-
o N
L A
tilt

(+R.Schmied)

NIST

(D.Leibfried)

Sandia
(D.Moehring)

+ proof of principle studies:
spin frustration,
spin glass effects,
disorder,
guantum phase transitions
(Spin Boson, Bose Hubbard)




2D SCaIIng — real Ilfe collaboration:

Sandia National Laboratories

trap electrodes (M2)  electyical via

insulating oxide
(9 - 14 microns)

Al groun
plane (M1)

insulatin
dielectric
buried oxid

Au ground layer

last challenges

h=z= 4%m 2h =z =80um

m | $3400 10.0kV 41.8mm x130 SE 2212012

S$3400 5.00kV 17.4mm x420 SE 12/20/2011 100u :




2D SCaIIng — nlce ||fe collaboration:

Sandia National Laboratories

N

= § ~ J t

Z = =
VAN //f 3 *

\\\\'-._\\ \
e




2D scaling — nice life

rf-surface electrode traps [ions]

NIST, Basel, Sandia (3x)
Bermudez, Porras

."—’d< : f\__, o \;
&J‘ W/f

—

a) 100um

+  RF

DC/




2D arrays —real nice life

OO &




2D Analogue Quantum Simulations
Exploiting lons (and Atoms) in Optical and RF-Traps

= QSim: 2D arrays of rf-traps
=>trappology
=>»precursors (expl. decoherence)
+ [QSim - gauge fields]
+ [dissipation assisted entanglement]
+ decoherence assisted spectroscopy O

=> optically trapping of ions and atoms

=>» trapping of topological defects
+ defect assisted entanglement

IQsim 1 2013



synthetic gauge fields in arrays of ion traps

Phonons simulate charged particles
[exploiting Coulomb directly (J>>) and 2D-array]

Alejandro Bermldez
(University of Madrid)
Tobias Schatz
(University of Freiburg)
Diego Porras
(University of Sussex)

e A. Bermudez, T. Schaetz, D. Porras, Physical Review Letters 107, 150501 (2011)
e A. Bermudez, T. Schaetz, D. Porras, New Journal of Physics 14, 053049 (2012)
® Ch. Schneider, D. Porras, and T. Schaetz, Reports on Progress in Physics 75, 024401 (2012)



synthetic gauge fields on phonons

» Simplest example: 4 ions form a single plaquette

¢ effective magnetic flux
phonon tunnels to

¢=0 je  ¢=7
5 By _

4 3
—
l l l Inhibition of phonon
tunneling from
1€ 2

"magnetic” destructive
interference

adding:
electronic states (spins)
superposition states ~ disorder



2D scaling — real life EAYA A
“fighting” decoherence [+ NIST- Ar* |

week ending

PRL 110, 110502 (2013) PHYSICAL REVIEW LETTERS 15 MARCH 2013

Dissipation-Assisted Quantum Information Processing with Trapped Ions

A. Bermudez,! T. Schaetz,” and M. B. Plenio’
Unstitut fiir Theoretische Physik, Albert-Einstein Alle 11, Universitit Ulm, 89069 Ulm, Germany
2P;’?}-‘Siku.-’isches Institut, Albert-Ludwigs-Universitit Freiburg, Hermann-Herder-Strasse 3, 79104 Freiburg, Germany
(Received 11 October 2012; revised manuscript received 21 December 2012; published 14 March 2013)

dissipation assisted ....

(a)
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(b)( I (( D0
(o |G
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Spectroscopy based on decoherence:

*Prepare spin-state superposition
*spin-decoherence gives the signal

Signal after scattering only a few
spectroscopy photons

*Measure the astrophysical relevant

Govinda Clos, Martin Enderlein, Ulrich Warring

Spectroscopy
sequence: Spectroscopy
prep a /2 laser
T
p

A 4 P3/2
VNIR 5p
45
25000»~ T ' T $
¥ 20000}
£ i
“ 3P : L I
S 15000} {
8 Z | _“\o(* '
: i 1 * .i(\ . ?
10000} ! ,'}\(@\\ { 1y :
-1000 -500 'O 500 1000 1500
V. — 274605000 (MHz)
Spectroscopy
laser n'2 detect a
-
T
p

coll. D.Leibfried



decoherence assisted spectroscopy

() diode laser (b) 124.0 nm
----------------------------------- - 4P
1091.7 nm ‘y y T 3/2
S2 B
i 139.90m =305
TC i.-:.....}Az 3D5/2
— 45
Mg"‘ 1/2
” " 279.6
6 nm
S W o LT CE R S - 3P
>l i ¥
SHG SHG S oTTUteteeteseoetsenacceceane. -—
SHG dye laser
560 nm =2 __\T)__
fiber laser| T T W~ =355
1118.5 nm T




decoherence assisted spectroscopy

Vo 1 oot .
(ajprepare |T)Un/2§ T/2 i T vT/2 Em/zuanalyzeL

(b) 35 | | | I | I I | |
T 0 T S
N 1
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= } )
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count rate (kHz)
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decoherence assisted spectroscopy
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decoherence assisted spectroscopy
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measurement day

see also:
Innsbruck, PTB

1 s . — . 25 a9 O . m
Transition frequencies 7. in *’Mg™ from 3512 in THz

BPL;Q SPE'J,’Q

This work 1069.339957 (5)

(5) 1072.084547 (5)
1069.33996 (2)

Batteiger et al. [9] 1072.084 56 (2)

3D5;’2 4P31f2

This work

Martin et al. [22]

2143.223903 (7)
2143.2220(15)
2143.2277 (18)

2417.829196 (12)
2417.8268 (15)

Goorvitch et al. [23] 2417.805 (10)




2D Analogue Quantum Simulations
Exploiting lons (and Atoms) in Optical and RF-Traps

= QSim: 2D arrays of rf-traps
=>trappology
=>»precursors (expl. decoherence)
+ [QSim - gauge fields]
+ [dissipation assisted entanglement]
+ decoherence assisted spectroscopy O

=> optically trapping of ions and atoms

=>» trapping of topological defects
+ defect assisted entanglement

IQsim 1 2013



lon(s) and atoms trapped by light

- standing up on Monday morning
- atomic system

- Ionic system (“handicaps”)

- dipole trap

- standing wave (conveyor belts: ion - atom)
- merging ionic-atomic systems (Rb and Ba™)
- standing up on Monday again

lontech 2 2013



dreaming (part 1) AAVATA

optical traps [ions or ions and atoms]

SO




another motivation

towards Nano-cold chemistry

x(t) A Qge-micro ?E;’QRF
_ 104\ motion '
0.5 — /
: 211/ Dy \
0.0 ' '
0.5 4

By =
hh
. i

L L A MR A R ke TR BB e
0 2 4 6 § 10 12 14 16 18 20
t[10© 5]

C
Impressive proposals and results @ N '\ N
MIT, Ulm, Cambridge/Bonn, Mainz, A
UCLA, Weizmann, CQT-Singapore, ' ‘-’m?cer

Berkeley, ...

motion



optical trapping of atoms and ion(s)

week ending

PRL 109, 253201 (2012) PHYSICAL REVIEW LETTERS 21 DECEMBER 2012

Micromotion-Induced Limit to Atom-Ion Sympathetic Cooling in Paul Traps
Marko Cetina,™ Andrew T. Grier, and Vladan Vuletié¢

Department of Physics, MIT-Harvard Center for Ultracold Atoms, and Research Laboratory of Electronics,
Massachusetts Institute of Technology, Cambridge, Massachuseits 02139, USA

(Received 12 May 2012; published 19 December 2012)
' \
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- atomic system

lontech 2 2013




atomic part: Rb8” atoms in the 2D* MOT @ Freiburg

cut across blue line

cut across red line

0 200 400 500
e camera y pixel
G00
L R ——

- loading the 3D MOT camera xpixl
- transferring atoms into dipole trap
- “BEC” 1t all optical BEC by Barrett at CQT [2011]



5.0x10°

4.5x%10°

fluorescence / a.u.

3.5% 106+

4.5% 105t

4.0x 106

fluorescence / a.u.

3.5% 108

loading rate =~ 0.61 1/s

4.0x 108

o measured data
— exponential fit
0 2 4 6 8 10
loading time / seconds
decay rate y ~ 0.36 1/s
© measured data
—exponential fit
0 2 4 6 8 10 12 14

decay time / seconds




- lonic system (“handicaps”)

lontech 2 2013




lonic part: loading dipole- out of Paul-trap

UrrF~eV~10%K

Up~10-3K

- considering charge in dipole trap [coll. G.Morigi NJP [2011]]

- sufficient compensation of stray fields (Fg,,< Fgipoes VU NOt U)
- smooth reduction of RF- and DC- potentials (stability diagram)
- fast (but “adiabatic”) transfer (minimize heating)
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Earnshaw — theorem:
DC confinement in 1D
defocusing in other(s)

- DC<

- standing wave instead

PRA 2012




- dipole trap

lontech 2 2013




optical ion trapping —the protocol

1

- loading into Paul-trap
- Doppler cooling (~1mK)
- stray field compensation

2

- switching on the dipole trap
- switching off the Paul-trap (not DC)
- storing the ion optically for t = x ms

3
- switching Paul trap on
- switching optical trap off
- fluorescence detection

0.0

e

RF et
) outer DC D inner DC D outer DC )
— _~-~"®-" cooling/detection beam

f’ t,

P
( ) -
”3‘1"’ }) )
"
P
-” )
,<:' -~
\'_ba’

RF et
) outer DC D inner DC D outer DG )

— _.~~""®.-"cooling/detection beam
- -

.
o
( ) .
- "
"’ }I’ )) )
.
I' )
o
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dipole trap - lasers on 2*Mg* (1=0)- transitions

I'~2n 42MHz
i’ I N mEHU2 M=
____\ __ ~300GH:z .
1 ~ 2750 GHz
2 m;=-1/2 m;=+1/2 ,
I:)1/2
280 nim | D AC-Stark shift:
~cooling + waist = 7um; - e 7
OptollcfII ptgmpln_g ’ Pag= 200mW; Uo~40mK
clecton o) 0=-21 300GHz o ~27 200kHz
waist = 30um,; (7000 1)
| Pyig= 0.002mW,; m=1/2 —m=+l2
5=-21 0.02GHz | &~ S




lifetime within optical dipole trap Q0

a 1.0 F~<_ T T T | \
5 08 g h -
o ™
5 06 - § s
2
£ | - |
g 0.4 §
g 02| ¢ o . .
s => lifetime limited by recoil heating “only”

00 | | | 1

0 1 2 3 4 5
Dipole trap duration Topjicq) (MS) =» several 100s of oscillations in optical trap
a 1.0 T T T  I— . . o ” .
2 Y =» loading via rf-trap “without” heating
5 0.8 | -
£ » i
S 06 - i =>» dipole + DC trap works
o /
.6- B ,’f’ |
g 0.4 §
® 02F / -
51
O 0.0 ' ' |
0

10 20 30 40 5y
Yo [MK] Nat.Phot [2010]



- standing wave (conveyor belts: ion - atom)
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Mg*in 1D optical lattice (no RF and DC)

see also PRLs by:
PRL [2012] Aarhus and MIT and others



trapping ion in optical lattice AAVATA

Dipole Trap vs. Standing wave

Dipole Trap: Standing Wave:
o_p g+ / 0. e G_V /

NV

probability for recapture

0.00 0.01  0.02 0.03 0.04 0.05 0.06 0.07

optical power in each laser beam [W]
Teap = 125 Us
waist = 7 um
A =-2m300Ghz=7100T
Puap [0-70] mW



trapping ion in optical lattice

Dipole Trap vs. Standing wave

Dipole Trap: ' :
i p: / St?;mdmg W;ve/

o MF _— ' /\/\/W\M
=
o 0.8} . 0
qv] * Beam2
O O
9 0.6 - Beam1
- i v
L oal _ RF
2 \ >t
'.CEU 2k Resonant Excitation
IS
S 0.0 . : : . : : b o' o

0.00 001 002 003 004 005 006 007

optical power in each laser beam [W] D

Beam
Ttrap = 125 U.S . -/-\_/-\-
waist = 7 um RF- N/

A =-2 1300 Ghz =-7100 T
Pusp [0-70] MW

> t




- merging ionic-atomic systems (Rb and Ba*)
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In progress (Ba* and Rb BEC)

138Ba* efficient photoionization of Barium:

——'F.—p3/2
PN 61dnm
A —'Si'—sz B + (4
: a .
voaar d [
: 5/
: . Rb (780
4550m v
dar
Repumping in

493nm
Approx <50 ns

532nm _ _
bi-chromatic trap

Y v a) 40 20 0 20 40 b) -40 0 40

J L i L ! L i L

= pbsition | positionﬂ
[um] [m]
optical force

102N Ba+  (493nm)
optical trap depth [mK]

Rb  (780nm)

7/ optical trap depth [mK]



Ba* the Mc Lain



- outlook

lontech 2 2013




forming BaRDb*

20000 T T .
Singlet states: blue dotted
Triplet states: red solid
_ 15000 f -
| - Ba'(°D)+Rb(’S)
E frnmenennenem e n NG T
o =
~ o—— Ba('P)+Rb ('S)
== sessasssssspSERTRRRTERRSRERRAREESSSRRAAEEES
o L .asipanesatssIsines Ba('D)+Rb*('S)
©
= 10000 } Ba(*D)+Rb"('S)]
s e
© o T LTl ot N
= e U Ba’(*S)+Rb(’S)
Q .
S ik elastic
5000 F .
charge transfer
radiative decay
D 1 | 1
5 10 15 20 25

R / bohr

see also ULM and Paris coll. R.Moszynski (Warshaw) and C.Koch (Kassel)



forming Ba* + 600 Rb “molecule” Ve

Fio(q) .\q_’
o—=. Wﬁap' I'VSPT Ne—0 Rb-BEC
Y N,
AS » —©@ |
Jy clown
v— 1Y%+
Rb atoms
1Cy bound to ion(s)

coll. R.C6té and M.Lukin [PRL 2002]



Add Ons

= QSim: 2D arrays of rf-traps
=>trappology
=>»precursors (expl. decoherence)
+ [QSim - gauge fields]
+ [dissipation assisted entanglement]
+ decoherence assisted spectroscopy

=> optically trapping of ions and atoms

=>» trapping of topological defects
+ defect assisted entanglement

IQsim 1 2013



topological defects

Entanglement Generation Using Discrete Solitons in Wigner Crystals

H. Landa', A. Retzker?, T. Schaetz® and B. Reznik!
! School r‘lf P]H,IHH s and ~1Hf;m'mmu P'J.-;f_;mrm.tf and Br‘:!'ﬂ-‘f:!'!'ﬁj__f Sackler
' ) Tel-Aviv 69: Israel
m‘sf up‘ L T r:wh m, Jerusalem 91904, Givat Ram, Israel
ibur ikalisches Institut,

H,-;mm. n H:m’;; "‘f;uhw ¢._,r".f_.ur_f‘.; Freiburg, Germany

t v @QOO% & v =

’ L ¥
N ﬁ-?-"‘fi s & B
— |
100pm

# A& a °®

Rep. Prog. Phys. [2012], PRL [2013]
coll: B.Reznik, H.Landa, A.Retzker see also Vancouver, Mainz, PTB



100 pm

4 ¥ % & 4 0 F % 0 & 8 & % F B ot aw e f »
(b) e 2 2y ? s % hravy™ ired & "."""...l'. Ny Ao
100 ym

-56 ions (start at 6th lattice site, no cooling at T=0; t=1ms)

-57 1ons (mass defect, t=200ms at t_tot=6s)



kink interaction

- commonly centered
- not (differently) blurred
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	dipole trap - lasers on 24Mg+ (I=0)- transitions

