


North-South Quantum Information Meeting 2008

23 talks
26 participants from UCC and QUB

—» pretty much doubled the number of participants!
(Vala, Slingerland, Pelucchi, McGettrick)
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North South Supplement

Hﬂd> Supplement to Principle Investigator Grant currently held within
Ultracold Quantum Gases Group in Cork

Hﬂﬁ> runs until 31¢ May 2010

Hﬂd> exchange visits between QUB and UCC

Hﬂd> collaborative meetings

HH:> establishing close connection and active collaboration

Hﬂd> very informal and flexible



Communication — Ql?

Idea: use facebook for networking
* free membership
» 36 members already
* (potential) worldwide visibility

 easy to maintain

Tools

* News

* upcoming visits
e conferences

* Discussion board
» Wall
* job openings etc.
* Posted Items
* links to papers, publications
* Photos & Videos

* from visits, events

Any ideas welcome!

facebook  Home Profie  Friends  Inbox L

1L Quantum Infermation Ireland

Basic Info
Type Organisations - Academic Organisations

A, nevanark connecting researchers and students an the siand of Dreland
studying fundamental quantum physics and quantum ironmation theoary.

Please use this page Do publicise your new publications (y posting a lnic! ) and
fring all kinds of interesting facts to everybody's sttention {by using the wall )l

The neTwor 5 fundsd by Soesnce Foundstion [neland.
Uiracoid Juantum Gases Group University College Cori
hetp:ferere . plySAcs. uoC. be/\quantum,’
Quamum Optkcs Group: Tyndall National Instune, Cork
hip: e plysacs. woc. e/ nkochonmaic
Quantum Technalagy Quesns. Uinfversity Belzct
http:fweare . am. qub. ac. ul/go
‘Contact Detalls
Em: quantuminl ormatiorrelandE gmail com

Recent News

The first Narth-South Quantum Information Hesting betwesn QUB and IOC willl be held in the Celtic
Ross Hotel, Rosscarbery from the 23th to the 31st of October. Detalls can be found at

http:/fiphys. uoc . befquantumy’NarthSouthestingd8. htm

Wiear Disoussion Basrd

Hecoage All Members
Edit Groun

Edit Members:

Edit Group Officers
Irrvite People to Jain
Creste Related Event

Learve Group

Whe ane booking forwand to sesing wou all there.
Memb-ers
Dizplaying 8 of 15 members Soe A

i
WSEEL W T
BUra Siile Mic

Duribe Tara Hichaed Lauren Diarmuben
A Glesson  Hennessy  Maomrissey JF MoCann Chormase  Rutherdord  (Middieton

Officers
Jahin Goakd

Thamas: Busch

Group Type

This s a chased groupn. Members
mast be imvited or approved by an
admn.

Admins

8 John Goold {oneator )
¥ Thomas Busch

Diiscussion Board
Displaying 1 discussion topec Start New Topic | See Al

Suggestions on how to improve this site

The Wall
Displaying the anfy 'Wall post See Al
Wirite something...

John Goeodd wrote
ar 1708 on 15 e T00E
The foliowing are sites winich 1 have found useful awer the kst couple of years and may be

of NTDErEsT 10 Yo

QuanTalic: A propect for the raped dessSmanation and dECusSean of ReEssanch in Quantum
indormaation schence and technalogy

http: jquantalic. org/

Ewcellent site for news from the Uitracald Atom Community:
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Cold Atoms

New states of matter:

1995 - Bose-Einstein Condensation 2001 — Quantised Vortices

2002 - Mott Transitions 2004 — Tonks Gas 2009 — Single Atom
Addressibility



Overview

Usually: entanglement of internal states of atoms (P Zoller Industries Ltd)

Here:  other degrees of freedom (position, momentum, phases, modes, etc...)

1. One-Dimensional Systems

2. Angular Momentum States

3. Centre of Mass States




One Dimensional Gases

Waveguides are different to Free Space

(a) fewer modes available for the particles

—» free space estimates for collisional effects no longer valid

(b) assume atoms are trapped by an axially symmetric
2D harmonic potential of frequency w

_ tk,z
“» atomic motion is cooled down below the Ur = e do(z,y)
transverse vibrational ener >
9y huw Ur = f(2)do(z,y)
(c) atomic motion along the z-axis is free O e— <@ )
interaction can be modelled by pseudo-potential
S-wave
) e scattering
- U(’I“) _ 5(7—.’)2(,’4) (regularisation operator removes 1/r g = 2mha ength
=9 or divergences from scattered wave) 7

T reduced mass



Binary Collisions between Cold Atoms

But: during the scattering event virtual excitations to higher states have to be taken into account!

™~ 1
"E F 7
H% atoms pass each
8 11 a, — | other easily
o | @ T oz
c -
R, P
o 0.5 -
R
=
e
atoms cannotpass © - = = 1D $-potential
h other = 0 10608 1 12 1.
S0 0 02040608 1 1.2 14 1.6
<+
low energy kZ aJ_ high energy >
Strongly Interacting Limit Weakly Interacting Limit
(Girardeau Gas) (GPE Limit)
coherence low coherence high

M. Olshanii, Phys. Rev. Lett. 81, 938 (1998)



Strongly Interacting Limit

1. N neutral, bosonic atoms with point-like interactions

N
o — ___'+V(;p1,...,:z:N,t)+aZ5(!$i—33'j|)

=1 1<

2. assume a - o and replace the interaction term by a constraint

3. equivalent to the Pauli exclusion principle!

um=  Solve fermionic problem and symmetrise!

Bose-Fermi Mapping Theorem

An exactly solvable, strongly interacting, experimentally realistic, many-particle problem!




Bose-Fermi Mapping
So, we need:

1. a system where the single particle eigenfunctions are known
(and where they are nice!)

—» free space, box, harmonic oscillator,...

2. a system where the Slater determinant can be calculated
(analytically)

—— probably best if eigenfunctions were polynomials



The o-split Harmonic Oscillator

o LIS I (@) N
= —— ——= + —mw°x

0 2m dx? = 2 tyolx

—® the odd eigenfunctions of the HO are still good eigenfunctions!

—p the even ones have to be found

h
Scaling: length in ground state sizes aogp = —
2mw
for k =0
energies in ground state energies € = hw
d2

ing (_@ 4

— 1:1:2 + y0(x) + en> ¢n(x) =0

Forz > 0 this is Whittakers equation!




The 4-split Harmonic Oscillator

x>0 U(en,x):COS(Z—I—%)Yl—Sin(E—FWGn)YQ

for any value of v!

x <0 since we are looking for the even eigenfunctions

dn(z) = CUl(€n, |z|)

x =0 evaluate the continuity condition:

d d

%Cbn(o—i_) - %?bn(o_) — ;ﬂbn(o)



Ground State Eigenfunction

With increasing central potential height the magnitude at the centre of the even eigenfunctions decreases:

v=0 v=1 Y=

0.5hw hw 1.5hw

um=)»  same functional behaviour for all other even states

umsp for v = 00 even and odd states become degenerate



Many Particles in a o-split trap

Next: calculate the Slater determinant...

N—1,N

1
Yr(T1,...,TN) = \/—_ dei(:U . tn(T;) & symmetrise:

Because we know the ground state is real:

uuﬁ} ’l,i’B('Tl: .« . :,xN) — ‘UF (55’1: o :,fL'n)‘

UU;R/ PB(fﬁl:---a$n) — pF('Tl:" ":"Tn)

Bosons and fermions become (kind of) indistiguishable!



Reduced Single Particle Density Matrix

The self correlations are given by:

plz,z') = /wg(m,mg,...,mw) X Yg(x',To,...,xp) dzo ... dxy

no barrier high barrier

classical result:  p(z,z’') = 6(x — 2’)



Two Particle Entanglement

S(p) — _Tr(p In IO) von Neumann entropy (only for a two particle system though...)

1.005

1.000 -

—>
I ' V=co
g 0995 _ I I
2 3 4 5
0.990
0985, 5 10 15 20
Y

Indistinguishability?



How about many particle entanglement?

Idea:

let two particles interact with the gas in two different regions of the trap

in second quantisation the regions can be described as modes
o) ~ |L) +|R) —»  [¢Lr) ~[10) + [01)
calculate the entanglement of the state of the two sensors

Why is that interesting?

For ideal Bose gas:

increase in entanglement BEC transition temperature



Spatial Mode Entanglement

1% Quantisation

>

:

Single particle is in a superposition between left and right

2™ Quantisation

A

« «

=+

non-local particle number entanglement between modes A and B

) ap — %<|1>A|O>B - 10)4l1)5)



Spatial Mode Entanglement

Language: non-relativistic quantum field theor '

—¥> construct mode operators

2 ~ bosonic quantum field operator
o= [ dog@ii@

mode function /'9(""”2 =1 [% 10” = 0ij

—» number of particles inthe gas N = tr [lﬁiﬁﬂA p} + tr [&TB@B ,0}

—® N particle BEC split in the middle is described therefore as

1 (P Y 1 L VAT
|\P>_\/m<\/§+\/§> |O>_\/T_N;\/n!(N—n)!|n7N_n>

a

o

.
—

o

| N N-1




Interference Detection Scheme (Global Measurement)

joint measurement
of the two modes

Jim
i
‘ll’
| 4
V

(¥4 - ¥%)

Sl

= tr [Q&I}?&D P}

assume a fixed total particle number

||» pure, separable state cannot show total destructive interference

Ch. Simon, Phys. Rev. A 66, 052323 (2002)



Interference Detection Scheme

—¥> Calculate detector outcomes:

Ty A TR Ap oA AT N

Ne = tr [§hdc p| = % (trsba ] + el 0m ol + 26 1hdb 6]) = 5 + €as
AL A T Ar oA T N

Np = tr [@io | = 5 (wldlyda ol + eldlyds o] — 2ldlds p]) = 5 — eas

cam = /A dz /B iz’ g(@)g(z’) pD (2, ')

reduced single particle density matrix
—» fully separable state: psep = > Pilni)(ila ® [N —ni) (N — n4|

eap = 0
—» general state (of fixed N): eap # 0

—» measure of spatial coherence —» good measure for entanglement for N=2

I. Bloch, TW. Hansch and T. Esslinger, Nature 403, 166 (2000) L. Heany, PhD Thesis, University of Leeds (2008)



Cold Boson Pair

Boson pair Hamiltonian (1D)

h2 d2 1 5 o A E B
e ) R TU G I W
same Hamiltonian, different interpretation! E
€EAB entanglement finite even

at strong interactions

Temperature

D.S. Murphy, J.F. McCann, J. Goold and TB, Phys. Rev. A76, 053616 (2007)
J. Goold, L. Heany, TB and V. Vedral, Phys. Rev. A 80, 022338 (2009).



Cold Boson Pair

0.9
0.8
€AB/BC
0.7
0.6

0.5

o

€AC

A

0 2

4 6
Ip
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10

— L =2.8
— L =14
B

II» tuning the interaction parameter modifies the distribution of entanglement



Summary (1)

One dimensional quantum gases
allow to realise and test concepts

of quantum information and calculate
exact numbers R




Centre of Mass States




Spatial STIRAP

Direct tunneling leads to Rabi-type oscillations!



Atom Optical STIRAP

Eckert et al. PRA 70, 023606 (2004)

L) M) R)

Counterintuitive Tunneling

ili

—p 100% tansfer

—J never any
population
in |[M)




Three-Level Atom Optics

0 —Jur 0
H=|-Jrum 0 —JMmR \J \U/
—Jrmr ~ —JuR

0 —JvR 0

— three level system possesses dark state

¥(0)) = cosO|L) — sinb|R) tan @ = Jom

IR

—»  STIRAP-like tec e developed

Counterintuitive schemg# an @ : 0 — oo

sné:0—1



Phase Gate




Phase Gate

0 Ql”l Qpﬂ 0 \

Q.| | O 0_ |Q,,
Q. —A |9,
0 |9, &L 0/

(1) = cosB|1) —sin6|4)

two states with
eigenvalue zero
Q,, = Q. 9

|p2) = sin Osin ¢|1) + cos @ sin p|4)
1
+—7 cos (2) — [3))

V2



Phase Gate

If initial state co-incides with one of these

—P adiabatic mixing depending on the geometric phase (Berry phase)

Ua(t) =) Bap(t)os(2)
b

\

non-Abelian phase matrix

— no dynamical phase picked up due to zero eigenvalue

—P phase can be mapped into population distributions

—P easy to measure



Population Distributions

dt

¢c(t)>
—» B(t) =T exp [— /_ too A(t') dt’] 4/

depends on choice of basis
(Hilbert-space structure)

—> L Bu(t) = =3 A®Bealt) it Abc(t>:<¢b(t)'i

M

6,(6) = 3 Uas(t) ()
b

[—
=

[ cos yf sin vy
Blleo) = (— sin yf cos fyf>

e
=

¢
¢

dt’

L }’{ C B gy | AO=UOAOUGOT +UOUG

non-Abelian gauge potential



Phase Gate

1 (00))cr = siny|1) — cos v|4)
1(00))1 = —sin~y|1) 4 cosy|4)

—» any arbitrary superpostion state can be prepared



Counter-Intuitive STIRAP

Full numerical integration of the
two-dimensional Schrodinger equation:

1

4]
41|

0.5




Experimental Realisation

electrical
contacts
™Thilill

Ferdinand Schmidt-Kaler, University of Ulm



Summary (2)

One dimensional quantum gases
allow to realise and test concepts
of quantum information and calculate

exact numbers o
STIRAP techniques allows for high S —— . &0

fidelity manipulations of single atoms



Geometric Qubits iIin
Ultracold Atoms

™ | |

two level systems based on atomic phases



Vortices in BEC

vortices in superfluid Bose-Einstein condensates have a long lifetime!

Y = \/ﬁe_is(e) — \/ﬁe_me —> phase: 0 — 27

— angular momentum is quantised! @

phase density

h2
GPE: H =— 2mv2+V() QL + Uly|?

—»  for{) > (). ground state of the condensate carries vortices

© MIT © MIT



Vortex Superposition States

Try STIRAP for atom with one unit of positive angular momentum:

0 JIr v 0
H=\|Jrm 0 JMR
0 JVR 0

Angular Momentum
o

>
| <
<

™

NN
o

D0

Angular momentum not conserved! Collaboration with Sarah Croke, Perimeter Institute



Vortex Superposition States

0

Consider initial state with one unit of angular momentum: e =z + 1Y

Y = 1(x)ho(y) + itho(z)hr (x)e™

% N
]\ [\ I\
AW R A

Adiabaticity:




Vortex Superposition States

Carry out adiabatic STIRAP process: * T ’Wf

bz, y,ty) = e [Y1(z)o(y) + itho(z)r (y)e*’

with v = 3wtp + [[7 eo(t)dt
0 = wtr+ fO eo(t') — e1(t)]dt’

—» energy eigenvalues in the y-direction slightly change during the STIRAP
process due to overlapping trapping potentials

—» deterministic phase engineering possible!



Summary

One dimensional quantum gases
allow to realise and test concepts
of quantum information and calculate

exact numbers o
Q, ‘@ Q
STIRAP techniques allows for high S —— . &0

fidelity manipulations of single atoms

Orbital angular momentum of atoms can
be used to create long-living geometrical
quantum bits



Das Team

Queens University
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UNIVERSITY OF LEEDS
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Hational University
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PERIMETER INSTITUTE
FOR THEORETICAL PHYSICS

Quantum Technologies Group

Prof. Myungshik Kim
Dr. Jim McCann
Dr. Mauro Paternostro

Quantum Information Group (Leeds) &
Centre for Quantum Technologes (Singapore)

Dr. Libby Heany
Prof. Vlatko Vedral

Perimeter Institute
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