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Outline

* Non-destructive imaging

- Triple-well atomtronics
* The quantum computer game



Faraday rotation (1845)

H. C. Orsted (1820)

= Classical

Faraday-active crystal

Faraday rotation

linearly -

polarized light . 1

| Moving charges
~ generate magnetic
fields.

Different phase shift for the two circular components:

- Jones vector notation

B (8] os A i g




Faraday rotation, quantum version

Birefringence: \€_>

-0

Linear
polarization

AC-Stark shift:

Atomic orientation is rotated



Complementarity

1
1 b
Single atom: 2 possible spins @ /

In each direction 0@
0
Z A
Prepare  \1easure
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* Relative size
of quantum
fluctuations
decreases
 discrete ->
Continuous
variables




Room temperature
vapor cell (N~10'2)

@ Polzik
& = group

Ultracold cloud
(N~1 O5

Two options:
. » Longitudinal prolping (classical) |
L « Transverse probing (quantum)




Arhus experiment

Research group members:

Jan Arlt Jacob Sherson
Associate Prof Assistant Prof

Ultracold Bosons in Opti Multi Species Quantum Gases High resolution lab

Nils Winter Lars Wacker Romain Muller

Poul Pedersen

Miroslav Gajdacz



Non-destructive imaging and feedback

Faraday image of a Absorption image
thermal cloud (destructive)
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Single run monitoring of BEC transition

BEC transtion with Faraday imaging w10
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* multiple non-destructive pictures during cooling sequence

 sudden drop of maximum Faraday angle

n

* BEC confirmed by absorption image at the en




Non-destructive imaging and feedback

Suddenly shift the position of the trap

same oscillating
cloud

Stopping the
motion of an
oscillating cloud

» Fast characterization
of trap parameters

» Possibility for
guantum (feedback)
control

300 images of the | : -
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Related to stochastic cooling -
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Some future perspectives

~r=—....... Measure and influence « Squeezing

M”f"»if Inthrnirnss . .
\}\}i/{ ’Lfn\*’}I.\fﬁ;f\f’,f@;}fg;igjﬁe‘;\f&jtd‘*ﬁ;*;% fundamental excitation * Entanglement
L 1 modes of a BEC » Fock- and Schrddinger cat states

Bogoluibov modes

A
A

O vUO9oUwvw

Bec| W/ CCD 12




Some future perspectives

(. -, Measure and influence « Squeezing
§#m”*A\*’\fifl{i;‘&fif/J\ i | fundamental excitation « Entanglement
Mww . modes of a BEC » Fock- and Schrodinger cat states

y (pm)

: . » High capacity quantum memory
QND probing of a single 1D L
tube in a 2D optical lattice Large Schrédinger cat states

A ANAINA * Modify quantum phase diagrams

* QND probing of
e ARATIALY interacting quantum
Se~A~l»  many-body states

J/J 13



Outline

« Non-destructive imaging

- Triple-well atomtronics

* The quantum computer game
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Optical lattices

2D
{AVD - V]
1064 nm
Potential: ‘f’r{fb"} =W s n {"I‘ULET)
\ AN
Lattice AN 3D
depth Vp i |
VIV U
—
Lattice spacing
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Bose-Hubbard Hamiltonian

Expanding the field operator in the Wannier Y(x)=> aw(x-x,)
basis of localized wave functions on each lattice i
site, yields :

Bose-Hubbard
Hamiltonian

H=-1%dla,+ Y e+ UY i -1
(i,j) i i

e —

J
Tunnelmatrix element/Hopping element Onsite interaction matrix element
(W \ ’
J = —J.d3x w(x — xl.)L——V2 +Vlm(x)J w(x —x;) U = Anh’a Id3x|w(x)|4
2m ‘ m

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

Overlap two standing waves of
close lying frequency

phi2= 0 phi2= 0.3927 phi2= 0.7854

phi2= 1.1781 phi2= 1.5708 phi2= 1.9635

5 0 5 -5 0 5 -5 0 5
X X X
phi2= 2.3562 phi2= 2.7489 phi2= 3.1416

0 0 0
0.5 -0.5 0.5
1 -1 1
15 15 15

5 5 -5 0 5 5 5

0-

Al
W i

Isolated double well
""’VHV UUUV H{

e

2 -

Scanning the relative phase using
frequency adjustment allows for
ultra-precise addressing of
individual sites




Double well dynamics

The relative amplitude
gives full control of the
barrier height

The relative phase
controls the asymmetry
of the double well

Perspectives

Local double well merger
Local directed transport
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Triple well dynamics: towards atomtronics

Different choice of relative phase:
triple well

A2=0 A2=0.15 A2= 0.3
0 0 10 3
=i ‘ S ‘ S ‘ /|
-1 0 1 -1 0 1 -1 0 1
X X X
A2= 0.45 A2= 0.6 A2=0.75
0.2 1 92 04
2.4 | 06 0.8
08 | 08 1
12l ‘ 1.2
1 0 1 -1 0 1 1 0 1
X X X
A2= 0.9 A2=1.05 A2=1.2
0.4 -0. 0.5
0.4 0.5
0 ? A -1
1.5
12 ] 15 | | |
1 1 -1 0 1 -1 1
X X X

Adjusting the relative amplitude gives
full control of the middle well depth
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Spectrum vs relative amplitude
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Triple well dynamics

Transistor like tunneling behavior

* Place an atom in the 1st excited
state of the left well (200 Erec)
« Quench to 50 Erec
« Evolveintime
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Triple well dynamics

* Place an atom in the 1st excited
state of the left well (200 Erec) Transistor like tunneling behavior
« Quench to 50 Erec J
. Evolve |n tlme _zor ‘ ‘IattZArr?pzo.SS‘ ’\ ‘ * o5, latt2Amp=0.85
Want to calculate the many-body dynamics
0.01} I"'~uf'f i‘u “-.Us" x\j.-'
S'HE' 2 -1 0 1 2 4 -2 0 2 4 20 40 60




Creating localized initial states

Calculate overlap with
eigenstates

Place an atom in the 1st excited
state of the left well (120-50 Erec)
Quench to 50 Erec

pL.i = (Pi|Yn)
PR.i — <(I)-'i‘?¢'//’R>

Define "localized states”

qu — Z pL,-'i(I)i

ic{a,s.g}

LI}R — Z pR,iq)i
i€{a,s.g}

PM = PL X PL

\I}M — Z PM ?(I)z
ic{a.s.g}

I|'JII.!t. dart [E’Eu:l

ll'lllatsta'l iE’ec:l

Overlap: initial state to final space
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Localization of eigenstates
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Creating localized initial states

* Projection from deep lattice (below)
: * Projection from lattice 1 highest power (left)
Calculate overlap with 1. prgjection from lattice 2 highest power (right)

eigenstates
; Bs/ By = 0.969
pri = (Pifir)

PR.i = (@i|r)

Define "localized states” | $
©lo.os F — — 4
g — -.'x,\
Uy, = E pL,iPi -?%)’D'QE_ \ _
iE{{l‘,S ?,} sle-o+r x \"-.ﬂ T
c A\
Oloo=z} W
\IJR — E PR ’.I'J(I)?: "cr:u" "'-,I",
ie{a.s.e} | I = \
pI\I — pL X pL — D'E'Bc-_g D_‘I;L‘—'_’ D.:;a4 D.‘IQE D.‘IEBB : 1

Overlap: initial state to final space




Many body simulations

Define Fock states

1, m2,13) = ( H \/%(&j)”*) 0,0,0)
i

i€{1,2,3}
Bose-Hubbard
Hamiltonian
o1 L :
H=— Z th,ja,;raj + 5 Z Uzi,ini(ni o 1) NXn mat”X
(i) :

- % Z Z Ui;j'ﬁ;i'ﬁij + Z E-iﬁ-'ig H'? :j — <Ff ‘ HBH ‘F} >
] g

1 Ht

Evolve according to | |W(¢)) = e 7 W)




Many body simulations

o U AT ["Timed oscillations”
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Many body simulations

| |"Blocked oscillations”

(high interaction)




"Blocked oscillations”

WAL
Problem: time scales

become very long
Y A —

Solution: single-particle
tunneling in a tilted well

-> dynamically transfer N
atoms




Outline

» Non-destructive imaging
- Triple-well atomtronics

* The quantum computer game
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Experimental set-up

Preparation of a single 2D system:

)

1l
il
1l

e push out g two slices [l
t = Fe % 3
_ [F=2, m=-2> K e 2,
\ microwave . T E
. "
* . [F=1, m=-1> A

Counts (x10%)
[=] o [=] o A
B | magnetic field

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

lattice beams
1064 nm

e
==V

mirror 1064 nm
window 780 nm

“

high-resolution
objective
NA = 0.68

< single 2D degenerate gas ™
* ~ 1000 8’Rb atoms
(bosons)
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Superfluid — Mott-Insulator Phase Diagram

31

>
JU
w

““loc:l't_ei

effective local chemical potential

Inhomogeneous system:




In-situ observation of a Mott insulator

Raw picture

Reconstructed @ PSF

Reconstructed

BEC Mott insulators

J. F. Sherson et al, Nature, 467, 68
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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'

21 APRIL 2011 | VOL 472 | NATURE | 307

1D Ising chain

H=]) SIS —H.S.—h.S,

a L a—
Multicritical point
$r§ese .
ramagnetic
075 —
&
NEEEEEEE’ |
Antiferromagnetic
0.251 —
0 P R S S T .
o} 0.25 0.50
h

Tilted optical lattice
(hz.hy) = (1—4,2°/%t)

t=t/], A=A4/]=(E—U)/J

a A<0: paramagnet b

580480 Pebvds  454bed

€ A= 0: antiferromagnet d Spin mapping

. | i é ¢
oL el .

: @ g - - @D
xxxx (0000 0]
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Detection of many-body physics

Quantum simulation of antiferromagnetic

spin chains in an optical lattice 1D tunneling close to MI transition

Jonathan Simon', Waseem S. Bakr', Ruichao Ma', M. Eric Tai', Philipp M. Preiss' & Markus Greiner' (partICI e_ h o I e pal rS)

21 APRIL 2011 | VOL 472 | NATURE | 307 A
e e e e e e @6 o
@ ® e & & 6 & & & @

® e ¢ @ @ 0 > e e

€9 @ @& 0 ¢ @ & 0 6 0O

Observation of Correlated Particle-Hole i
Pairs and String Order in Low-Dimensional _—
Mott Insulators Two-site parity correlation function

M. Endres,™* M. Cheneau,® T. Fukuhara,® C. Weitenberg,® P. SchauB,* C. Gross,* L. Mazza,*
M. C. Baiiuls,* L. Pollet,? I. Bloch,*? S. Kuhr**

14 OCTOBER 2011 VOL 334 SCIENCE {_I[ﬂr] — {Eﬁ. j'ﬁ. -;.n'} = {qﬁ.}{EJL -.-_f}

iTton

S — €
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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' a Quench
21 APRIL 2011 | VOL 472 | NATURE | 307 g
e/ \@ 9 @/ \9/ \@
Position
_

b \o/ \o@ @/ \o/ \o/ \o/ \@
- . el \o/ \@\o/ \o/ \@ o/ \o/ 2°®
Observation of Correlated Particle-Hole : ®-0

Pairs and String Order in Low-Dimensional ‘oo \o/ \o/ \o/ \o/ \efAe/
Mott Insulators

M. Endres,™* M. Cheneau,® T. Fukuhara,® C. Weitenberg,® P. SchauB,* C. Gross,* L. Mazza,*

M. C. Bafiuls,* L. Pollet,? I. Bloch,*? S. Kuhr*
14 OCTOBER 2011 WOL 334 SCIENCE ; H 1 i 2
Two-site parity correlation function,| S
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(d) = (SkSkea) = Sk Skia) Feot AL s
A 8 wip :.- "',-; 1:..\_. B '5'.;. 'F_.-
2 _imdng T PR = AR ]
Sp =g i
Tooe Ao i
Ll ‘:'—i'-"'#j ;“:{::1.-.#-' 'F‘f'.-# .t-*‘l'—*--_
. _ 15 . . . P Pl 1
Light-cone-like spreading of correlations in a o i DTN
quantum many-body system o e ]
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Global manipulation

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

Manuel Endres!*

. Takeshi Fukuhara®,
Christian Gross',

51 83va

SF-MI phase transition has a
complex order parameter

Spontaneous symmetry
breaking in the SF phase

@

MNambu-

Goldstons =
Mode [
w
Re(¥) ﬁ
(1]
@ o
4]
(]
=
-]
.

@ We=1

cond=-matquant-gas

David Pekker?, Mare Cheneau’,
Eugene Dt"‘.lTﬂf.‘] 3, Stefan Kuhr!

Using weak amplitude
modulation detect a gap in
the response

Tier=200 ms

/
j

rrrrr

A |I|II'|I ‘lll'lﬂlllll. 'Illl'lll'l I1|I|'| |IIl i u]&

Trrona=20 T

100

200 300 400

Time {ms}

v

12

Peter Schaufi®,

. and Immanuel Bloch!®
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02
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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 occupational numbers
vibrational state R ey " arsomcosssien
8= U+ Up—2U, omica ] :mi:r”m \,\__:;; L4 '\o.rn".t"‘\e,.f\‘e‘,’\s- Ny
e iy e,
\j 1 Ilé-ylll —\£.7I \/\Ille'n'\'.r\ H l o .o/ -"“‘:;f\j
v ooty ey
\ o i R . L/ = I\‘Z‘_’7'F |
. | j %’ e a Yoo \*':. oo o Mott insulator -
N = SRS S\ o/
N L - = l
o **.'! qd 3 - ! ;.1 uperflui
\ ;; '- .I__ \"".,Iﬁfwfi -850  —440  -220 0 ZqHz} AN v Vw;jv«w
.\(07; P Ugg w . §
L 1 BTE 10—
1 0.75 0.875 ... 08f 03¢ 31 od 4
Upu =Uoo | 0.75 0.875 0.64 A u o 1 os
: Qg4 ¢ yron e . '
0,2-«:':"* ol 28 ,$: B ; ¢“+
0-0,.0 ve' ¢44¢ e {
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Modulation chirp end point (Hz)
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Global manipulation

Orbital excitation blockade and algorithmic cooling
in quantum gases

Waseem S. Bakr!, Ph 300 | NATURE | VOL 480 | 22/29 DECEMBER 2011 !
Two-particle interaction Filtering: sequentially excite and remove
energy depends on the hlgher occupational numbers
vibrational state PRcH ARG 'U _ Random occupation

» Entropy per particle is reduced
dramatically in the center but not
globally

. Vacanmes are not removed

1 1 0.75 1a i 2957
1 0.75 0.87 ot 41 o7}
T e 2 . 5 06 '
Upu =Uoo | 0.75 0.875 0.64 8 0.5 whe
2 04 thy ;
" " 0.2 0.3
0.0

21,000 21,200 21,400 21,600 0.1 21,000 21,200 21,400 21,600
Madulation chirp end point (Hz) 38



Shaking the entropy out of an optical lattice:
removing vacancies

Would like to realize

Vacancy probability: €

an "OR” operation

between 2 sites \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:

;I'Vaerlcizjset well + 2 aux \@/\@/\@/

Vacancy probability: €

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

M 70 o 7
o NP N

N\ = T :
4 VTS
vy

i ® - ST a7
QWAWE S\ s T

) V) — b 8/ ® 4
N N\of > T Y, ST

@ X X SN | —— () :
NS\ > T *T, | LT T

Final vacancy probability: 2e>—¢3
Malte Tichy, Klaus Mglmer, and JFS, arxiv:1012.1457v2 (2010)




Addressing individual lattice sites

. ‘ | CCD

" XY-scanning
irror

addressing
laser beam

Ll f
780 785

790 795 x Position (pm)
Wavelength i (nm)

Weitenberg et al, Nature, 471, 319 (2011)



Addressing individual lattice sites

Writing arbitrary
patterns

Single particle tunneling
“the horse track race”

in

Probability

s B e e P
1 3
ooms | o a
0. 0. { o
) 02 02 { o
ol 0.l \ 4 o1 ;
0 i ] LLLlL I [ ] s W O R |
5 -5 0 5 10 -0 -5 [i 5 10 -10 -5 0 5 10
X Position (lattice sites) x Position (lattice sites)

-0 -5 0 10 -10 0 5
x Position (lattice sites) X Position (lattice sites)

42

Weitenberg et al, Nature, 471, 319 (2011)



Quantum computation with optical tweezers

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

|a)Ramp bp eze

Numerical solution of the time-
° dependent Schrddinger equation
0 ‘ fl.;ll Iattict; simulaltion ,;90 | |
[ ---- envelope P of har- | T ]
107 monic approximation | =g, /
N S ) & ]
O - N 330/ ]
1072 % 0 05 1
—'O'— | i Timet/ T, ]
k° [
= ] 0~
Increase trap frequency according 0 the |
adiabaticity criterion: 10
da(1) (AE,.) R T S T
h = — 0 20 40 60 80
dt ' ‘ <¢() | % |¢2) | Total ramp up time T, (us)
Solve analytically in a two-state harmonic oscillator model
/282 + Llog[l — 4V2tE w,] : :
PJWHI(I) — P..(s)sin- \! & 4E W|th envelope
P) = 4£%/(1 4 4&%)

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



Quantum computation with optical tweezers

b) Transport atom

LS o5 3
L4

Shift tweezer position (linearly) according
to the adiabaticity criterion:
dxo()| . (AEg)

dt |7 [(pe| 2L |g,)|
Solve analytically in a two-state harmonic
oscillator model

Pgmrm(” — PLE] Sil]jixfl o 453(01’/2]\

PO = 4£2/(1 + 4&2)

h

With envelope:
Weitenberg et al, PRA (2011)

Numerical solution of the time-
dependent Schrodinger equation

numerical resull {a)

10 ‘[., -
i
!IITIF - — — arvelope P

(i

i&i El!yﬂ'; Ml i

10 2

L
10 o
10° : :
— — —linear displacementl ()
oplimized ramp
107%} ) -
D_‘
107}
time 7 I—
10°° ) . "
; 24 25 2- 27

Total transport time T, (us)

Numerical optimization of the
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Quantum computation with optical tweezers

c)2-qubit exchange gate |° T
v W ¥
TV

» 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
Is) =1 el Ple =1 Lel Te.

0) = | D)al Ve + 1 1l e _—
o1y = | Lel Des 99.97% fidelity in 75 us
1) =1 el 1)e.
* Interactions in the triplet state drive oscillations
W(t =0)=Is) + lto) ~ | 1)el 4)es
W(r) = |s) + &' V"M gg),

W(t = Towap) = I5) = o) ~ | 1)l 1)e
PO = T 5= 1 T 00 | T D27 D 1] /SWap gate]

Weitenberg et al, PRA (2011)




Quantum computation with optical tweezers

c)2-qubit exchange gate
- o Y ¥
'\/\/\ A

W % AVA% ' / \UN |

» Map left well atom to first excited state _

'é

g

=3

(=]

[=]

Tweezer position (a,,) @
- o

time (us) time {ps)

-~
n

[[®]
in

Position (a) " Tweezer depih (EQC) o

of the right well ' AN 3 m— A
» The atom is now in a superposition of w— 5
the singlet and triplet combinations g .
) = | Del De =1 Del e, " P imeus) " Vimequs)
10} = | Pl D + 1 Del e ——
1) =1 1)el Les 99.97% fldellty In 75 Us
g1} =1 Pl Me-
* Interactions in the triplet state
Wt =0)=|s) +|tg) ~ | T)~| 1«):

w-n+my | 1OLAL QAte time a few 100us
V(1 = Towap) = |s) — o) ~ | )| 1)

U0 = Toemg/2) = 15) T 1110 ~ | gl De 17 with 10_3 error

Weitenberg et al, PRA (2011)




Quantum computation with optical tweezers

Include intensity and beam pointing instabilities

1.004 —— — 7%10°
3 L

o) ; ]
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2 0.998
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-1
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position error (nm)

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




Human Computing

9 billion man-hours spent on
solitaire per year!

"1 RG174 Coax...|m§tgbekrydsf‘..|E(QGasWikr l...|@gwap‘m... xli::}QGame|Ch...| 1 DSBtuNie}s...l
@ e v gwap.com/gwap,/ about . '."“ gwap.com

[~1Gmail - Inb..,

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

_ - : e
b e ; T = gwap ESPGame | TagaTune | Verbosity |  Squial t
o= ~
% < wa :
3\ g p about
EF

3 \We make games
i = with a purpose. You play the game Computers get smarter

[ Y i i 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 Ah n fun. You're helping the world pariner see the same them with the images.

become a better place. By image and are asked to type in a

Everyone benefits!

playing our games, you're tag for it. When you agree on a
training computers o solve tag, you move on and are
problems for humans all over  awarded poinis. After just a Now a search engine will

the world. minute of play, you've agreed on have a better idea of what's

ESP game: i e e
22,000 players
Over 3,2 mio image-labels
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Human Computing

solitaire per year!

9 billion man-hours spent on

[~1 Gmail - Inb.., | { | RG174 Coax.., |‘|m‘5ta‘bekr}rds'f--- |E (QiGas Wiki Fl N Solve Pu.. =

= BN fold.itiportal

""l Google Scholar "4 Physical Review Onlin... t_:_'g’ ar¥iv.org e-Print archive # Institut for Fysik og As... ﬂ Wi

o t 23:41:36 GMT
_ l BETA

for Scien
L et i

Click to learn how you
contribute to science by
playing Foldit.

>100.000 players
Players invent new
algorithms (15 year
super-player)
Players helped the
scientists win the
CASP 2009 protein
folding challenge

50



The quantum computer game

/ [ Design goals J
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

ﬂ}\

A

Fun and easy Ind|V|du.a.I Competltllon .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

[ Scientist developers }

[Q. mechanics ’[U’[OI’I&|J [ Scientific games ] interface

User

glevelopment g:\?élo ment S

interface ) P experiments
interface

e her: Forssden - Nordwastmyt | https://accounts.google.com/ServiceL agi..mail/ iscc=18tm

Atom-skvulp p3 gymnasiet

Tilbage til artiklen

Lokalom

=

/High school / university E——
projects: Atomernesg
« 1-2 week course deny
« Combined with q.
mechanics book of Klaus

\__Mglmer -

r (TDSE)
vSKii

Feb 2012: first successful
high-school project
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i QGame | Challenge - Mozilla Firefox - —“

ile Edit View History Bookmarks Tools Help

F

" QGame | Challenge x | ("} thermo2D_resub_auxMat.pdf (applica... | [5] Mail :: Inbow: registrerings spargeske... II:, Toodledo : Getting Things Dene® (G... i [} Get Yourself Organized with GTD + T...

Ha - .
6 A SCIEHCEEtthE.DI'g 7S bl

« Institut for Fysik og As... [2) ar¥iv.org e-Print archive ﬂ {QGas Wiki login) Web... [*] Gmail: Email from Goo... YW Lydavis | Weekendavis... E Qgame Wiki | QGame | Challenge "% Physical Review Onlin... "' Google 5ck

QUANTUM GAME

CHALLENGE DOWNLOAD DOCUMENTATION EDUCATIONAL PEOPLE -
FC

3: ODSHERRED
» FEBRUAR

CHALLENGE o : LOGIN

MOTER (DANSK)

Help solving a real scientific problem by playing a computer game! ® Control Panel

® |ogout
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 register at the right side of this page! If you are already logged on, go to "Download" in the Feh 21st, 2012

menu where you will find the newest version of the game.

kaspar
General comment

THE GAME 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 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.

tp:/fwww.scienceathome.org/index.php?Educational
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Classical example: Harmonic motion

Move the wall according to x,(t)

X(1)

X,(t
|

)

Newtons 2nd lov:

-

m & = —k (x(t) — %, (6))

Exercise: the mass has to move according to:

1
1+ et

x(t) =
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Classical example: Harmonic motion

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

. (t F=mx=—k (x(t) —x,(t))
|
III

| [0
:.||IIII UL |l| Nl !I|1IJ| l_,ﬁl | !_I!I,_.,-'
I | illustration af en flyttet hamonick oscillator
121 4

Exercise: the mass has to move according to:

1
t) =
x(t) 1+et

harmonisk oscillator centrum

What should x,(t) be?

m . — mk=10
-— X

sty

k 02 I I 1 i I I i
-0 8 6 -4 -2 0 2 4 6 8 10

x,(t) =x(t) +

29



Evaluation results

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

1 - Boring {8%) 5 - A lot {8%)

5-F 17% ..
unny (17%) 7?( ( B/ 2 (0%) 4(0%)
}‘?"

Lo

e ———— 1 - Not at all (17%)

3 (25%) —

—— 3(33%)

4 (42%)

2(50%)

M 1-Boring M2 [V 3 M4 M 5- Funny B 1-Notatall M2 34 W5-Alot

“Especially competitive aspect of the game

IS a scoop. It's almost like taking advantage _ ,
of the most primal part of humans to “In the normal teaching you calculate it
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.
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Thank you very much



