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Optical lattices
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Bose-Hubbard Hamiltonian

Expanding the field operator in the Wannier v(X) = Zéiw(x —X.)
basis of localized wave functions on each lattice i
site, yields :

Bose-Hubbard
Hamiltonian

H= —JZéiTéj +28iﬁi +%Uzﬁi(ﬁi -1)
(i, ) ‘ !

Ul

Tunnelmatrix element/Hopping element Onsite interaction matrix element

3= J Pt x)| vt v 0w, [ U =278 1 gy ]

m

M.P.A. Fisher et al., PRB 40, 546 (1989), D. Jaksch et al., PRL 81, 3108 (1998)



— Mott-Insulator Phase Diagram

Superflul

J/U

l~l'loc=l'l'_$

T~

Inhomogeneous system

effective local chemical potential




Experimental set-up

lattice beams
1064 nm

Preparation of a single 2D system:
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* ~ 1000 8Rb atoms
(bosons)

J. F. Sherson et al, Nature, 467, 68 (2010)



Fluorescence imaging

depth ~ 10 Er I N AVA A

* density distribution
frozen
® phase coherence lost

depth ~ 4000 Er
300 pK

T

fluorescence rate / atom: 60 kHz R -~
e ~ 5000 photons / atom collected in 900ms_ 4. resolution of the

f imaging system:
~700 nm

J. F. Sherson et al, Nature, 467, 68 (2010)



Superfluid

Superfluid — Mott-Isolator phase diagram
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In-situ observation of a Mott insulator

*[0/0[0]
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BEC Mott insulators

20 pm

Raw picture

Reconstructed @ PSF

Reconstructed

for the Mott insulators: U/J ~ 300 (critical U/J ~16)

-> only thermal fluctuations
J. F. Sherson et al, Nature, 467, 68




Addressing individual lattice sites
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Weitenberg et al, Nature, 471, 319 (2011)




Addressing individual lattice sites

Writing arbitrary
patterns

Single particle tunneling

"the horse track race” = = . :
= 0.0ms =i 0.75ms = 1.5ms oi; 3.0ms
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Weitenberg et al, Nature, 471, 319 (2011) 11



Feature
Focus
Results

Temperature

Mott Insulators

Garching:

x1000 counts

. Garching_____Havard

Intrinsic homogeneity
Single shot thermometry

Global comparison with
theory.

0.071(5) U/kB

Harvard: Bakr et al., Science 329, 547 (2010)

Disorder, phase correction
SF-MI dynamics, averaged densities

Observe fast (<t,,,,o) Number squeezing
Highest fidelty MI in thin Mis.

T ~ 0.16(3) U/KB
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Detection of many-body physics

Quantum simulation of antiferromagnetic
spin chains in an optical lattice
Jonathan Simon', Waseem S, Bakr', Ruichao Ma', M. Eric Tai', Philipp M. Preiss' & Markus Greiner H — I Z sz 5';-'_ 1 — ;I;: sz — h:;' 3‘1

21 APRIL 2011 | VOL 472 | NATURE | 307
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Detection of many-body physics

Quantum simulation of antiferromagnetic : "
\ . . . . 1D tunneling cl MI transition
spin chains in an optical lattice L (?Jar?icﬁeoflilf pair;;l SIIC
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M. Endres,** M. Cheneau,® T. Fukuhara,® C. Weitenberg,® P. SchauB,* C. Gross,® L. Mazza,*
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Detection of many-body physics

Quantum simulation of antiferromagnetic
spin chains in an optical lattice Quench from U/J=40 to U/J=9

Jonathan Simon', Waseem S, Bakr', Ruichao Ma', M. Eric Tai', Philipp M. Preiss' & Markus Greiner Quench
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Global manipulation

The *Higgs’ Amplitude Mode at the Two-Dimensional Superfluid-Mott Insulator

Transition

Manuel Endres!*, Takeshi Fukuhara!, David Pekker?, Marc Cheneau', Peter Schaufi!,
Christian Gross', Eugene Demler®, Stefan Kuhr?, and Immanuel Bloch!-®

SF-MI phase transition has a
complex order parameter

Spontaneous symmetry

arXiv:1204.5

breaking in the SF phase
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Global manipulation

Orbital excitation blockade and algorithmic cooling

in quantum gases

Waseem S. Bakr', Ph 500 | NATURE | VOL 480 | 22/
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Global manipulation

Orbital excitation blockade and algorithmic cooling
in quantum gases

Waseem S. Bakr', Ph 500 | NATURE | VOL 480 | 22/29 DECEMBER 2011 ¢!

Two-particle interaction Filtering: sequentially excite and remove
energy depends on the hlgher occupatlonal numbers
vibrational state =it R panom ocupaton 1

e Entropy per particle Is reduced
dramatically in the center but not
globally

. Vacanmes are not removed
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'Er T E"I|]|] 0.75 0.875 0.64 .

s = . *
21,000 21,200 21,400 21,600 = 21,000 21,200 21,400 21,600
Modulation chirp end point (Hz) 18



Shaking the entropy out of an optical lattice:
removing vacancies

Would like to realize

Vacancy probability: €

an "OR” operation

between 2 sites \g/\g/

Forbidden due to
unitarity

Malte Tichy, Klaus Mglmer, and JFS, arxiv:1012.1457v2 (2010)



Shaking the entropy out of an optical lattice:

removing vacancies

Need 3 sites:

\':'Vaerlglgset well + 2 aux \@/\@/\@/

Vacancy probability: €

Step 1: merge middle and left well || Step 2: merge middle and right well

O Oy 7
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,. o @ —
an "/ 7
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(”) %}, ("]} ‘\—.—/{a) \——'—#f(g)
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Final vacancy probability: 2¢>—¢3
Malte Tichy, Klaus Mglmer, and JFS, arxiv:1012.1457v2 (2010)
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Quantum computation with optical tweezers

da

e

C
—% -
—

a)Ramp up tweezer

b) Transport atom by translating tweezer
c)Collisional gate by merging atoms

==

Weitenberg et al, PRA (2011)



Quantum computation with optical tweezers

0 T

a)Ramp ap eze
Numerical solution of the time-
dependent Schrodinger equation

10

full lattice simulation | __90
---- envelope P of har- | T

1071t monic approximation 560
| ? &
3

30 .
1072, 0 05 1
Timet/ T

| AR

- o 107
Increase trap frequencyjaccording to the
adiabaticity criterion: 107"

da(7) (AE,.) N L |
h = — 0 20 40 60 80
dt | ’ (¢(’ | (:)_H |¢g> { Total ramp up time T, (us)
w [a

Solve analytically in a two-state harmonic oscillator model

2 1 ool ] — 4/ ¢Ea .
thm(f) — P()\_-m.? \/ﬁloé[l 4\/§IE(')‘)] W|th envelope
* P = 4€7/(1 + 4¢°

S—

C. Zhang, V. W. Scarola, and S. Das Sarma, Phys. Rev. A 75,
060301(R) (2007).



Quantum computation with optical tweezers

b)Transport atom

Y. il
Al il an mn

Shift tweezer position (linearly) according
to the adiabaticity criterion:

)|, (AEg)
dt (el 55 1) |

Solve analytically in a two-state harmonic
oscillator model

PX™(1) = P sin’[V 1 + 462wt /2]

With envelope: PO =482 /(1 4 4&7)
Weitenberg et al, PRA (2011)

h

d

Numerical solution of the time-
ependent Schrodinger equation

10"

10 *

10°

107 %k

107%F

10°°

numerical result (a)
— — — envelope P,

1 1 1 1
’O 200 400

— — —linear displacement (b)
optimized ramp

>

tmet/ T:

24 25 26 27
Total transport time T (us)

Numerical optimization of the
translation profile




Quantum computation with optical tweezers

C)2-qubit exchange gate | : c
| R A
Lo

» Map left weII atom to first excited state
of the right well
» The atom is now in a superposition of

the singlet and triplet combinations
1) =1 el be = Ll e

o) = 1 D)el Ve + 1 1)el e —
1) =1 Vel D 99.97% fidelity in 75 us
141) = 1 el e

* Interactions in the triplet state drive oscillations
W(t = 0) = [s) + [10) ~ | D)l 1.
W(1) = |s) + 'Y 1),

w(r—T“—H—Im) | Dl Des
[ 00 = Taap/2) = Is) + ili0) ~ | Dl De +il )l De |\/swap oate

Weitenberg et al, PRA (2011)



Quantum computation with optical tweezers

c)2-qubit exchange gate |°

a

inﬁ

» Map left well atom to first excited state

of the right well

» The atom is now in a superposition of
the singlet and triplet combinations
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141) = 1 el e

* Interactions in the triplet state

Y.L | Total gate time a few 100us

Wt = Touag) = 1) = lt0) ~ | 1)l 1

= o= WIEN 10-3 error

Weitenberg et al, PRA (2011)




Quantum computation with optical tweezers

Include intensity and beam pointing instabilities

1004 = T ‘7)(10'3
! 6

1.002 F

excitation probability

0.998 |

-1 -0.5 0 0.5 1
position error (nm)

amplitude multiplication factor

Current state-of-the-art of 50nm beam pointing
accuracy yields considerably higher errors!
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Human Computing

9 billion man-hours spent on
solitaire per year!

deElib v 1 Gmail - Inb...

1 RG174 Coax... |‘m‘5t6bekrydsf‘.. |ﬂ(QGasWik\ || @ gwap.co... x
@ 9 gwap.com,/gwap,/about

: QGame|Ch...| b DSBtDNieIs...l

-.'l ~ gwap.com

"‘] Google Scholar 4% Physical Review Onlin... :-': arXiv.org e-Print archive #» Institut for Fysik og As... E WebHome < Main < ... B ‘WebHome < Game = ...

Matchin

gwap about

We make games

with a purpose. You play the game Computers get smarter
When you play a game at Let's take the ESP Game We record those six or
. Gwap. you aren't just having for example. You and a seven tags and associate
L U I S VO n A h n fun. You're helping the world partner see the same them with the images.

become a better place. By image and are asked to type in a
playing our games, you're tag for it. When you agree on a Everyone benefits!
training computers to solve tag, you move on and are

problems for humans all over  awarded points. After just a Now a search engine will

. the world. minute of play. you've agreed on have a better idea of what's
E S I g al I l e . six or seven tags. in those images.
22,000 players
Over 3,2 mio image-labels

Blog About Contact
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Human Computing

Yol

s JB 1 Gmai - Inb.. [ 34

&

"" Google Scholar 4% Physical Review Onlin

it

fold.it

\

9 billion man-hours spent on

vinAarl

Novel research

directions through

) players
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participatory design
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First phase timeline

ﬁevelopment of first
concept and prototype

» Design-based research

» Create first rough

prototype for testing:
* Motivational
factors

 Function and
Integration in a
school context

* Potentials for
community

N

Tests: first prototype
Tests in two Danish high

school classes

building structurey

Hypothesis

and related
/vdeﬂgn \

!

h |
Problem/ Intervention and
Idez data collection

'...‘ ll.'l
| ) /
S/

" Analysiz MK

\

First analysis of data

Publication of papers
Communicating concept

/\/ideo observations

* Video observations and
focus group interviews
with one class and
teachers

Survey both classes

L

/

/Pre-produktion online \

beta test:

Reward structure: high-
score, badges, co-
authorship

Social game structures
VS. competition
Community building
structures, expert groups

K Learning approach /

Survey

77 VIP invited online
gamers

Open for gamers inviting
each other




The quantum computer game

/ [ Design goals ]
Parameter Unique players with Novel research Science
search by extraordinary directions through education to
thousands optimization participatory the general
of players techniques design public

Incentives

/[@ @]\;

Fun and easy Individual Competition and :
. . Players contribute
arcade type competition on a cooperation in groups, eg. :
: " : to actual science
game global high score classes, cities countries...




Quantum games: software overview

[Q. mechanics tutorial] L Scientific games ] [ Scientist developers }

u u interface @

User

_development (LJIJeS\(/eéIo ment S

interface b experiments
@ interface

Different codes available
» Schrodinger (TDSE)

» Gross-Pitaevskii
 Bose-Hubbard
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5) QGame | Challenge - Moazilla Firefox — ——“

ile Edit View History Bookmarks Teools Help

| QGame | Challenge x | i | thermo2D_resub_auxMat.pdf (applica... | Mail :: Inbox: registrerings spergeske... | [ Toodledo : Getting Things Done® (G... i { | Get Yourself Organized with GTD + T..,

B - L)
&= scienceathome.org T -'l

et

w Institut for Fysik og As... J[;E arXiv.org e-Print archive ﬂ {QGas Wiki login) Web... [*] Gmail: Email from Goo... VWV Lydavis | Weekendavis... m Qgame Wiki | | QGame | Challenge "% Physical Review Onlin... -'I Google Sck

QUANTUM GAME

CHALLENGE DOWNLOAD FORUM DOCUMENTATION EDUCATIONAL NTACT PEOPLE -
F(

@B: ODSHERRED
MNASIUM, FEBRUAR

CHALLENGE iSkK) LOGIN

NOTER (DANSK)

B Control Panel
B | pgout

Help solving a real scientific problem by playing a computer game!

Quantum physicists around the world are trying to build a quantum computer. Such a computer works
according to the principles of quantum mechnics and a single quantum computer could potentially be

stronger than all conventional computers combined! RECENT pOSTS

But, to build a quantum computer there are still some challenges that needs to be solved, and by playing

this game you will contribute to this while (hopefully) having fun! ‘ sidse
Test
So hurry up and reqister at the right side of this page! If you are already logged on, go to "Download" in the Feb 21st, 2012

menu where you will find the newest version of the game.
kaspar
‘ General comment
Feb 1st, 2012

kaspar
The game consists of several individual games. Some of these serve as tutorials that will introduce you to ‘ Test
the quantum world and in others you contribute to solving the scientific challenges. Feb 1st, 2012

THE GAME

The scientific games are marked with a boldface font. In these games you try to solve actual scientific
problems. The games are based solely on real physical simulations - no cheating. You are doing front-line NEWS
research, and we do not know where it will end!

The structure of the game will develop as time goes on based upon your feedback, and new games will be
created by the players and new features will be introduced on request.

ttp://mwaww.scienceathome.org/index.php?Educational
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Why gamification of education?

Two types of students

Mastery: Performance :

« Become proficient in a topic to « Desire to achieve highly on
the best of his/her ability external indicators of success

e Learning matters e Grades matter

 Intrinsic motivation e Extrinsic motivation

 Engagement * Anxiety

* Risk taking e Reluctance to take risks

What is the defining difference between the two?

The view on failure!

a learning process vs a stigmatisation

Computer games

GAME OVER

PRESS START

Players iteratively add
content/strategies by repeatedly
failing

35



Why gamification of education?

Main goal: increase scientific

| literacy
Mastery: ]
. Becol Give students a sense of 1
the be : : ess
. Learrl accompll_shment by mastering a
- Intring complex topic + hope to get transfer to

9% other areas by changing the mind set
of the student

What is the defining difference between the two? BAME OVER

The view on failure! PRESS START

a learning process vs a stigmatisation

Players iteratively add
content/strategies by repeatedly
failing
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Classical example: Harmonic motion

Move the wall according to x,(t) I:> Newtons 2nd lov:

xo(t) X0 F=mx=—k (x(t) —x,(t))

.l. mﬂl il

7

T

Exercise: the mass has to move according to:

() =7 +1

E_t




Classical example: Harmonic motion

Move the wall according to x,(t) I:> Newtons 2nd lov:
F=mx=—k (x(t) —x,(t))

X0 X0
|

T

Exercise: the mass has to move according to: | '}

illustration af en flyttet hammonisk oscillator

1.2¢

o/
08} ,/
7] /]

1 E
—_— 5 ™Y 4
% /AN
E 4 mik=05
What should x,(t) be? =] S k=t
A m/k=2
m el —
Xo(t) =x(t) +—- X ) R v Ay === |
k ‘0 8 6 4 -2 0 2 ] 6 8 10
tid

To)



Evaluation results

Are the games boring or funny? Have you learned physics/math by playing the game?

1 - Boring (8%) 5 - Alot (B%)

! 7 2 (0%) 4 (0%)

5 - Funny (17%)

T, ﬁl- Not at all (17%)

3 (25%) —

— 3 (33%)

4 (42%)
2 (50%)

1-Boring I 2 3 [ 4 M5 - Funny 1-Notatal 2 34 Ms5-Alot

“Especially competitive aspect of the game

IS a scoop. It's almost like taking advantage _ _
explore science.” only while you in the game get the feeling

of directly doing the experiment”

“Quantum physics seems suddenly more
tangible, something which is not a
dangerous monster you can't work out. It
should be in every school!”

“I think you have found a super mix of
tutorial games and difficult scientific
games.

39



Outline

e Single site detection and manipulation
In optical lattices

e Tweezer based . computation
architecture

 The quantum computer game

e Non-destructive imaging

40



Non-destructive imaging: Faraday rotation

Classical ), Quantum

Faraday-active crystal

Faraday rotation A ' “§ \Faraday rotation
linearly linearly

polarized light polarized light

- - - angu]ar

momentum densir}’

Different phase shift for the two circular components: Quantum mechanical interaction:
- Jones vector notation - rotation and mixing of atomic and light variables
r b 7 QO . RIAZc
; ; ; ; : 27 (Js
0) 2|\~ l 2 —1 i Sul7 off-resonantly: ag — 1 and Op — gg\TAL ( 1}‘>

Nature 2006: Quantum
teleportation between light

PO I Z I k and matter

Nature 2004: Experimental

g rO U p demonstration of quantum

memory for light
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Arhus experiment

Research group members:

Jan Arlt Jacob Sherson
Associate Prof Assistant Prof
Ultracold Bosons in Optical Lattices Multi Species Quantum Gases High resolution lab

Poul Pedersen Miroslav Gajdacz Nils Winter Lars Wacker Romain Muller



Non-destructive imaging and feedback

Faraday image of a Absorption image
thermal cloud (destructive)

rurd1 58, Faraday rotation [deg], 1100kHz evap

Absorption probability 0.003 per pulse!

1US atomlc sample
v >

Continuous measurements




BEC confirmed by absorption image at the end of the run

sudden drop of maximum Faraday angle

Single run monitoring of BEC transition

BEC transtion with Faraday imaging

1
Maximum Faraday rotation durlng evaporative cuollng to BEC o
A5 F T T = g
—— data run #1 E
ant : S
=
‘C_i —
35 ’ - 4 -
. o ———,
- ' S 05}
£ 30r ¥ B =) -
S LI = s
= o /
c I | :
S 20f '- O /
= 1 w
o m
ER I A
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multiple non-destructive pictures during cooling sequence
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Single shot measurement of the trap bottom
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Atom number calibration
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Strong saturation absorption imaging of dense

clouds of ultracold atoms

G. Reinaudi,! T. Lahave,™* Z Wang."? and D. Guéry-Odelin™*
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Faraday assisted atom
number calibration

Ii(x,y) - I'(x,y)

We get better precision in 2 points than

Guery-Odelin in 25 points!
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Non-destructive imaging and feedback

Suddenly shift the position of the trap

same oscillating
cloud

Stopping the
motion of an
oscillating cloud

300 images of the |:-

» Fast characterization
of trap parameters

» Possibility for
guantum (feedback)
control
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Related to stochastic cooling
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Some future perspectives
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LY modes of a BEC

Bogoluibov modes
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Some future perspectives

. i#....... Measure and influence * Squeezing
e fundamental excitation « Entanglement
.. modes of a BEC * Fock- and Schrodinger cat states

: I: / : - * High capacity quantum memory
" QND probing of a single 1D "
// tube in a 2D optical lattice Large Schrodinger cat states

CAARARDA,  Modify quantum phase diagrams

v QND probing of
J%@ﬁu,;@;;g\, interacting quantum
SeLnA~L-  many-body states
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Thank you very much




