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Novel approaches to £ Do
ATOMTRONIC
devices in optical potentials

Part 1:
Coherent Matter Wave Optics

in Waveguides and Optical
Storage Rings: ATOMTRONICS
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ATOMTRONICS: Matter Wave Optics in Complex Geometries-

Waveguides

Matter wave optics in optimized and
complex micro- and nano- structures

b)

* Compact atom interferometer
geometries as quantum sensors

* Resonator for atomic matter waves

Cylindrical micro lenses

\

, TECHNISCHE
y UNIVERSITAT
DARMSTADT

i

4

Technische Universitat Darmstadt | ATOMS - PHOTONS - QUANTA | Gerhard Birkl | 6



Bose-Einstein Condensation in Dipole Trap =

= 8’Rb Atoms loaded directly from MOT ) TR
- L2 L4 PBS3 ;
= approx. 500 000 atoms AOM2

= T =100 pK

= Crossed optical dipole trap
» 25 W multi-frequency fiber laser at

- vacuum
1070 nm {]—-@ chamber
= Beam waists ~45 pm pEsL

= Trapping frequencies around 1 kHz

= Bose-Einstein condensate g o s, it v
» N=30 000 0
. T=27nK R T . U T
= N./N>0.8 Y e e Rewe
T. Lauber, J. Kuber, O. Wille, and G. Birkl, Phys. Rev. A 84, 043641 (2011)
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Ramsey-type Interferometer for BEC wave function H

Ramsey-type interferometry with 11/2 — 11/2 pulses

position

A

=
-

2 time

J.E. Simsarian, et al., Phys. Rev. Lett. 85, 2040 (2000)
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Interferometer based on Double Bragg Diffraction

= After creation of BEC, it is released SRRITIIT I I T
from crossed dipole trap 0000088841 CEENN000000000 44

SRR R RN AR AR RS

* [mmediatley afterwards a double

Bragg pulse of varying duration is
applied
= After an additional waiting time of o 7/ . .
18ms the density distribution is : "W . . I
imaged g 08 | R S
g & *?,‘i II‘I"l. ] : \1'?\-\. l,/| \\ Z
- I;, | 3‘:',. .;ﬁ:\ w' *’
= Up to 99% of the atoms are 0.25 *f,f../ / % ot st \#/ |
transfered into +/— 2hk for a pulse /P \3. .;/ \\k_ ot
. o/ AR
duration of 230 pus | / . }'L_\_'&V i |

Pulse duration j,u.‘-;

J. Kiber, F. Schmaltz, G. Birkl, ‘Experimental realization of double Bragg diffraction: robust beamsplitters,
mirrors, and interferometers for Bose-Einstein condensates’, arXiv:1603.08826.
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Autocorrelation Measurement of BEC Phase Evolution H

Two partial wave Interferometric
functions displaced measurement of phase
BEC wave function by AXx=v 1 of BEC wave function

M\Mﬂ

|

lH Ml
/\ 7 ™\ LU U\/\
>

@aawy> D>

J.E. Simsarian, et al., Phys. Rev. Lett. 85, 2040 (2000)
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Interference of two freely expanding BECs -

Two superimposed BECs show interference.

Bose-Einstein condensates behave like waves.
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Guiding Structures based on Cylindrical Microlenses =

= —
-~

Micro-optical Lens Arrays: ? /

Guiding of atoms along the
linear potential minimum in
the focus of a cylindrical lens

—> Waveguide for atoms
similar to optical fibers

Waveguide

\ )
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Phase Evolution of Expanding BEC in 1D Waveguide =

1-dim. Waveguide for BEC
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ATOMTRONICS: Matter Wave Optics in Complex Geometries-

Waveguides

Matter wave optics in optimized and
complex micro- and nano- structures

b)

* Compact atom interferometer
geometries as quantum sensors

* Resonator for atomic matter waves

Cylindrical micro lenses
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Ring Potentials for Neutral Atoms

* Magnetic Ring Traps:
macroscopic, rf-dressed,

atom chips, super-conducting chips
(Georgia Tech, Strathclyde, Berkeley,
Amsterdam, Paris-Nord, Tuscon, Harvard,
Singapore, Vienna, Oxford, ...)

» Optical Ring Traps:
Laguerre-Gaussian beams,
scanning beam traps
(NIST, St. Andrews, Los Alamos, Monash, il

Wisconsin, LKB, Paris-Sud, Brisbane, ...) Ed&=

= Our Optical Approaches:

Red-detuned ring based on diffractive optics
Blue detuned double ring based on conical refraction

[1] A. Arnold, C. Garvie, and E. Riis, Physical Review A 73, 041606 (2006)
[2] A. Ramanathan, et. al., Physical Review Letters 106, 130401 (2011)
[3] A. Turpin et al., Opt. Express 23, 1638-1650 (2015). [3]
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Conical Refraction -

In collaboration with Jordi Mompart, Yury Loiko, Todor Kirilov (UAB, Barcelona)

» Linear optical effect in biaxial crystals (predicted in 1832 by Hamilton)
First observed by Lloyd in aragonite crystals the same year

=Al

= Light is diffracted into a cone,
under the following conditions:

= Propagating in a biaxial crystal (n,<n,<n,)
» Light is unpolarized (or circularly polarized)
» Incidence along one of the optical axes

» Surface of the crystal is polished |
perpendicular to this optical axis

{] Incident
See e.g.: M. V. Berry, Journal of Optics A: Pure and Applied Optics 6, 289-300 (2004) beam
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Important Parameters for Conical Refraction -

| Focal Plane

Focussing
Lens . e\ — — — — — — —

I Ro=axl
Conicl Refraction Crystal Wy
a= J(ng —n2)(nZ —n?)/n, ny <Ny <ng
» Parameters of Crystal:
R
Ro=1lXa Py = — = Material: KGd(WO,), or KGW
Wo = Length: | =16,55 mm

= Cone Angle: o =1°
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Different Regimes of Conical Refraction =

d
|
|

1

|
I
o = —+/(ng —ny)(ng — ng)
— na |
En:l:j i}

2R,
W) H
_—-—+ RI['] v -l fg = 0
‘r‘ L
Conversion efficiency 100% Ring width prop. to beam waist
po = 0.92 po = 1.0 g = 10

o) KC

A. Turpin, J. Polo, Yu V. Loiko, J. Kiber, F. Schmaltz, T.K. Kalkandjiev, V. Ahufinger, G. Birkl, J. Mompatrt,
'‘Blue-detuned optical ring trap for Bose-Einstein condensates based on conical refraction’,
Optics Express 23, 1638-1650 (2015). arXiv: 1411.1587

Technische Universitat Darmstadt | ATOMS - PHOTONS - QUANTA | Gerhard Birkl | 18 g5 TECHNISCHE

EE=S%) UMIVERSITAT
YT DARMSTADT




Different Regimes of Conical Refraction =

| d |

| | I y

¥ — V(e —ny ) (ng — ng)
i1
E-:I:j O [
+ 2Ry
'll'.""J

Hi
o - o = ——
Wi
Conversion efficiency 100% Ring width prop. to beam waist

po = 0.92 po = 1.5

oo
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Optical Setup for a Storage Ring Potential H

From
Ti:Sa PBS N2 f, =80mm f, = 200mm -
Laser
N\
— 2 NPBS
N2 N4 F{t’,‘;}nical f, =250mm f, = 400mm
efraction _
Crystal fs = 300mm
Intensity
Stabilization .

f/—\ Lighsheet

Beam

Vacuum
Chamber
gravity

Technische Universitdt Darmstadt | ATOMS - PHOTONS - QUANTA | Gerhard Birkl | 20 gD Tecmiscue
Vil DARMSTADT



Storage Ring for Bose-Einstein Condensates

» Production of BEC in crossed dipole trap

» | oading by linear ramping of intensities

= Acceleration and autocorrelation
measurements using Bragg lattice

» Free propagation along the ring

trap beam #1

" I .
\""'h-..._ - --“"f‘l

.
g- TICE
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Rotating BECs in Optical Storage Ring

» Transferred Momentum: n x 2hk

= Achieved: 2hk, 4nk, 6hk, = 2hk

= Up to two round trips observed for 4hk

» Spread of wave packet given by mean-field expansion

BEC momentum: 2hk BEC momentum: 4hk

2

Split BEC: + 2hk
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Phase Coherence after Rotation in Storage Ring H

Ramsey type interferometer after propagation inside the ring potential

= 1-Pulse (4hk) after loading the BEC into storage ring

= 26 ms of free evolution (atoms travel half way along the ring, 530 ym); limited for avoiding
overlap with atoms remaining at original position of BEC

= Autocorrelation measurement (x 4hk) with pulse separation t =100 us
* Free expansion: 14 ms

x-Position [pm]
0 100 200 300 400 500

Te - i Fringe
g % Contrast:
&8 z 1 (23 +-4) %

500

-100
Angle [°]
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Different Regimes of Conical Refraction H

| d |

| | I y

F — V(e — ) (ng — ng)
)
Ecl:j O [
+ 2Ry
'|l'.l‘;_|

Hy
a - o = —
Wi
Conversion efficiency 100% Ring width prop. to beam waist

Technische Universitat Darmstadt | ATOMS - PHOTONS - QUANTA | Gerhard Birkl | 24

ﬂ- g,
\A\_Qﬁﬂ )
Fongla!
e, R



ATOMTRONICS Device Based on Dynamical Ring Trap -

tunable lenses B
f= 150 mm
0
MA Biaxial 86 pm
Crystal

* Tunable lenses*: focal length of 50 to 120 mm
* Magnification 0.4 to 2.4
sWo=25um-—=2p,= 1.6

* Changing magnification from 0.7 to 1.0
= transform geometry dynamically from

simply to multiply connected Light field in focal plane

with 1:1 telescope
*Optotune “"EL-10-30 LD”
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ATOMTRONICS Device Based on Dynamical Ring Trap -

tunable erses _ N ||ght field

g Biaxial
Crystal

gravity Diatechon .I. 54 pm

* BEC loaded into static repulsive ring potential
from crossed dipole trap within 40 ms

* Almost homogenous density distribution after
120 ms expansion time
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Towards complex ATOMTRONICS Circuits

» First steps towards more
complex and integrated
circuits:

Transfer of an externally

created coherent matter wave
packet into the toroidal potental

Dipole Trap

(a) t,, = Oms (b) ¢, =7ms

yi_- Leg 1 Lightsheet
X BEC Dipdél’rap
\ Momentum Leg 2
o TR afe—
Optical Lattice Optical Lattice
(c) t,, = 10.5ms (d) t,, = 26ms
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Towards complex ATOMTRONICS Circuits -

Micro
Lens
N2 Array

‘
|

PBS )\/4 Focal f, f,  Conical Re-imaged

Plane Refraction focal plane
Crystal

= A two-dimension register of toroidal trapping
potentials or dark focus traps is created by
combining focusing with a microlens array and
conical refraction

independent parameter

» Separated or connected potential geometries can
be generated
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Novel approaches to @ Tchiscre
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ATOMTRONIC

devices in optical potentials

Part 2:

Quantum information
processing and simulation
with arrays of trapped
neutral atoms




Architecture for Single-Atom-Array ATOMTRONICS =

3

o Loading

Ga Preparation

Processing

Processing

Processing

Processing

Processing

Readout

Two-dimensional matrix
of atomic qubits

Complex processor architecture based on 2D quantum shift register
with single-site addressability
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Outline

Neutral atoms in dipole trap arrays
as a scalable system for QIP

Two-dimensional arrays of single
atoms

Interleaved trap arrays with
adjustable separation

Coherent manipulation of single
atoms
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Outline

Neutral atoms in dipole trap arrays
as a scalable system for QIP

Two-dimensional arrays of single
atoms

Interleaved trap arrays with
adjustable separation

Coherent manipulation of single
atoms
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2D Register of Neutral-Atom Qubits

OOOOE) @Q@ @@
ua%uyguuuu
| "r Y \ ¥

(../\.JL “-"“#]. .f‘__.J'
j’_\x.}

AAN__/] 4‘

08050~
'\.J'u‘_.k_' A A A
L/ { - \-" L. *'\-..z‘ x..Jx.-’ @Q
9000299 ®®

Mlcrolens array Dipole trap array Fluorescence Image of

trapped 8°Rb atoms

Typical Parameters

* Trapping wavelength: 796 - 810 nm

* Trap depth: up to kg-10 mK

_ R. Dumke et al., Phys. Rev. Lett. 89, 097309 (2002)
» Trap waist: down to 1.3 ym
- Trap separation: down to 3 um M. Schlosser et al., Quant. Inf. Proc. 10, 907 (2011)
« Number of Atoms: 1 per site M. Schlosser et al., New J. Phys. 14, 123034 (2012)
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Reconfigurable Addressing of Selected Traps -

i z
Ty rsrryrrEa
T NRNEERER RS

& p AR ERETD

By F T T L T Ty
- T
-
s = - -

FFEEESENFS o

PARSNNFENFNEE -
TSN TEN "

=
- g i TR EREE e o

TECHMISCHE
UNIVERSITAT
DARMSTADT
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Reconfigurable Addressing of Selected Traps

Adressing single microlenses @)  Adressing single sites

Trapping
Laser

Combined system of microlenses
and spatial light modulator
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Reconfigurable Addressing of Selected Traps

™

CICIA)IC)

QUANTUM
. ] ] ] . INFORMATION
* Global illumination of microlens register: WITH

2D periodic trap array NEUTRAL
PARTICLES

» Reconfigurable addressing of selected lenses:
Versatile geometries

M. Schlosser et al., Quant. Inf. Proc. 10, 907 (2011)

DUANTUM
INFORMATION

PROLCESSING
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Coherent Qubit Manipulation in Selected Traps -
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Free Phase Evolution [ms]
J. Kruse et. al., Phys. Rev. A 81, 060308 (2010)
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Outline

Neutral atoms in dipole trap arrays
as a scalable system for QIP

Two-dimensional arrays of single
atoms

Interleaved trap arrays with
adjustable separation

Coherent manipulation of single
atoms
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380 Site Single-Atom Array

15x15 site detail (averaged) Single shot images

* ® # & ® B

&
-
4l
]
=l
=
-
-
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= & ®
3
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380 Site Single-Atom Array > More Than 100 Qubits H

15x15 site detail (averaged) Atom number statistics (individual site resolution in 380 traps)

* & 8 8 = - 5 'IA‘I;I;

: : : : i : : _‘____, __“_____‘_.___.;_ '___-_";_Ll__ § 0.20

L e e — L ] Eo M NN SN N N N N _______._;___;_~ _8

> B B & O L] L 3 -E 015

N2

s & 8 B = ™ e » PSR VAN N AR TR YV VA S, S

* s 8 4 . » o > 0.10

. . . Lo - 1 P s B —1- f‘—----*' e %

5 5 5 4B - » . £ ’ o 0.05

" & 5 B & e s 5 B e B S I — = = I p— e

2 & & 8 e 2 . . A & B I L H i o

L A 8 & - - - L:—_}—-;.'I, — ' . f—:_L‘T'_—— 0.00

a & & 8 - ® . ‘ A | 'y W | ' . 100 120 140 160 180 200
Ig 8”37{ y Bl s | ‘ o < Number of sites with single atoms
SRR . Ry ¥ N LY UV VNV NV in inidvidual experimental run
More than 380 traps with About 160 single-atom qubits
bl —> . -

2 37% single atom events in each realization

Technische Universitat Darmstadt | ATOMS - PHOTONS - QUANTA | Gerhard Birkl | 41 s TECHNISCHE

EE%) UNIVERSITAT
i~ DARMSTADT



Outline

Neutral atoms in dipole trap arrays
as a scalable system for QIP

Two-dimensional arrays of single
atoms

Interleaved trap arrays with
adjustable separation

Coherent manipulation of single
atoms
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Interleaved Trap Arrays H

Superimposing two dipole trap registers m===)» Adjustable trap separation

Averaged images

T Y T FW WS P = m

PP HE DS D W
O W W P W TR W W W

= B
¥ a
E *
[ F
i L
B o
L -
L b=
e L
L w
o L

13 um 9.2 um 6.5 um

More than 50 traps — About 25 single-atom qubits
2 50% single atom events in each realization
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Outline

Neutral atoms in dipole trap arrays
as a scalable system for QIP

Two-dimensional arrays of single
atoms

Interleaved trap arrays with
adjustable separation

Coherent manipulation of single
atoms
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Qubit Basis

9,8 um

A =805,1 nm

Uy =kg- 0,25 mK

W = 1,5 um
y )=2l0)+b|1)
al’ +|b|°=1

85Rb

By 5P

hA

............... Ry WGLRELELTTERLEPEEPEEE

2-Photon coupling

Q304
Qpp = -2
2P ™ 4n

Q1| {22

F=3,m=0 ‘1>

A 4
Y A

h-3,035GHz
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Fast Qubit Rotation -

- e ey = ' 85Rb
B o] o o] o B ] c . -
& 5 5P,
: hA
9,8 um v w W OF AT T N . ) CLRLRCILTEECI T LT LT LY
o
1,0
0,8 30,
o3 |- ap = 4A
F=3, m=0
04 ‘ T — 1)
2 U
H% - ‘ ' FRE NN | .- ﬂ\’l h . 3,035 GHz
L ; j 171 L 2N | \
0,0 jLE 0)
0 10 20 30 40 50 F=2,m=0
Time [us]
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Work in Progress: 2-Qubit Gates and Entanglement =
2-Qubit Gates using Rydberg Blockade

Requirement: Trap separation d < 10um

Interaction of atoms in separated sites ) 2-Qubit Gate

= IL =1 - 5 > nr
E, g L%J or

== ==

) 99

D. Jaksch et al., Phys. Rev. Lett. 85, 2208 (2000)
T. Wilk et al., Phys. Rev. Lett. 104, 010502 (2010)
L. Isenhower et al., Phys. Rev. Lett. 104, 010503 (2010)
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Rydberg Excitation in Arrays of Single Atoms H

. . . _ul""\«.."'... --\-\._-? -'h'-l..-.'_.r""l_._'l,_rl "'5|p" 'l;' 1II M“M . ) A _._,‘III -.JI-I_';
Coupling to Rydberg state |r) AN WA 1 ”“x, hﬁ YT b =
|

via two-photon transition
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Many-Body Rydberg Physics with Interaction Control

Investigation of Excitation Transport and XY Spin Exchange
Hamiltonians in Rydberg Arrays with Controlled Interactions:
Resonant dipolar or van der Waals Couplings with MHz Strengths
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Rydberg Many Body Physics in Single-Atom Arrays =

Large-Scale Array of Individually Controlled Rydberg Atoms in
Versatile Geometries for Quantum Simulation and Many Body Physics
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Single-Atom Array Setup with Local Control
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Rydberg Many Body Physics in Single-Atom Arrays =

Large-Scale Array of Individually Controlled Rydberg
Atoms in Versatile Geometries for Quantum Simulation

and Many-Body Physics
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Tunneling-Coupled Many Body Physics in Atom Arrays
(a) (b)

Quantum simulators by design: 484444444
many-body physics in reconfigura- SEEE I
L I I L
ble arrays of tunnel-coupled traps SRR TR
C . F 0w
L LR
See: B R EE NN RN
B B rFreEEr
Talk by Reinhold Walser 1i7umt s """
and

Poster by Martin Sturm

M. Sturm, M. Schlosser, R. Walser, G. Birkl,

‘Quantum simulators by design — many- body physics in reconfigurable arrays of tunnel-coupled traps’,
arXiv: 1705.01271
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ATOMTRONICS based Quantum Technology = |

BEC in Optical Potential

Atoms as . IL
Research Objects ‘H

Quantum Optical \
Methods for the 7
< n

Control of Atoms

Quantum Physics a
Research Objective
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