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Overview

@® Part |: Controlled coherent dynamics of a strongly correlated atomic system

=> Slow and fast ramping of an optical lattice
=) Depth oscillations in the lattice

=) Experimental dynamics described by the BHM

=> Numerical experiments in strongly correlated systems
=» Guides to analytical studies

=» Suitability for QC - Entanglement properties

@® Part ll: Loading and cooling of atoms by spontaneous emissions of phonons

=) | oading a lattice by irreversible processes
=> Cooling atoms in a lattice

=» Quantum optics with phonons - Cavity QED (?)

=) Preparation of a quantum register

= Quantum simulation at extremely small temperatures
=» Cooling in the lowest Bloch band
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Physical system and numerics
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Optical lattice in 1D

® Experimental setup

Optical lattice
Lasers 8

Ultra-cold atomic gas

® Described by the 1D BHM Vi (@n)

I eV AN N I . U--l--—l-- -
H = —J 3 (bhbnt-14n-C.) = pnbjbn + 2 bpbjbubn,
n

With local chemical potential tn = p — Vip(zn)
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Numerical method

@® We use the TEBD algorithm Vidal (2003), Verstraate & Cirac (2004), Werner (1990)
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and fix the maximum occupation as nmax = 5
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Part |I. Ramping the optical lattice
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Ground states

S.R. Clark and D.J, PRA to be published

® For M=49 sites including trapping we plot the single particle density matrix [p,, |

SF Intermediate Mi

* 49
- @ o ) 13 © i 0 - 0 s 0
| e i : i
1.0 ’f \ ;’m 1.0 rr“;'AMa ""“ IR 1) O : :
[Punl / o(p...) 0.4 \ Pueal ! voloPaa) 03] 0 8 LT I L[ 0(Pa) 0.2} 1! it
05| f l"-.‘ ! \ 0.5 ;f \ Sud " os|| l‘. I S
! ' R | \ ot e | ! PR S )|
0.0L+ ' : 0.0L4 : it 0.0 4 ST D
1 25 49 0:9; 25 49 1 25 49 001 25 49 1 25 49 &0 25 49
m m m m m m
1.5¢ 10° 1.5 8.0 15 1.3
© e (@ | (2 (h) (k) ™ 0
Loj e 10"] T — 1.0f . 1.0 .,
[P2sasvdl e * - [Pasased \ r 4.0 [Pasased | & 1.0 ",
. | 0.5 .. | 0.5( M,
\ 10 | o - \ S
: 0.0 34 0.7 20 40

0.0 -
I 20 40 0.05 34 i 20 40 0

tum Physics & Technology, Clarendon Laboratory, University of Oxford.

Centre for



Slow dynamics

® We consider “slowly” ramping the lattice for M = 49

20
(a)

U
2JlO

0 60 120
t [ms]

@® Eigenvalues of the single particle density matrix
24




Slow dynamics cont.

@® Correlation length cut-off length and momentum distribution width

18 — -
(b) " .
@® Define a correlation cut-off length €c
12 f . N
: P25 254¢.| = 1/~ 0.37
6
0 60 120 180 60 120 180
t [ms] t [ms]

(@

@® And also consider the momentum
distribution width f,,

@® Starting from the MI ground state at
t=60ms yields similar results.

0 60 120 18060 120 180
t [ms] t [ms]
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Slow dynamics cont.

@® We also computed the correlation cut-off speed O%c for t > t¢

ot
A
' B (i) = dynamically driven

| (i) = MI ground-state

0.8 |
0€, I — T
& ol Ttunnel (1) = 27 (%) W

[ms] . 1 ®/J

04l Vtunnel (1) = Teannel (8)

02+ @® Note that neither correlation speed exceeds

0.0 , , , ‘ the instantaneous tunnelling speed.

60 120 180
t [ms]

@® Consistent with the growth of correlations being caused by a single atom hopping to the

centre. Greiner et al Nature (2002)

Batrouni et al PRL (2002)
YA ATA

M Tiynnel
2

trestore = ~ 23 ms
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Fast dynamics

@® Replace the latter half ¢ > ¢, with rapid linear ramping of the form

(Vi — Ve =) 20
T7 /a\ __ YT 71 \VYMI V_l_}/. s\
olt) = VM1 — ., (L — 1lc)

tramp
Y 10
. . . 2‘]
where tramp is the total ramping time.
N i s——

120

® We considered tramp between 0.1 ms and 10 ms.

18 . ® Focussingon tramp = 8 Ms

24 18
(b)

12 }
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Fast dynamics cont.

@® Here we plot (a) the final momentum distribution width f4, for each rapid ramping.
13

@® The fitted curve is a double exponential
decay il
fw(tramp) = A1 e~ tramp/T1 4 Ao e~tramp/T2 1 ¢

with z—Qle £ 9|
1

@® The steady state SF width is acquired in

approx. 4 ms.
@® Forthe 8 ms ramping we plot (b) the ¢} MU S S T S S T T T—
correlation speed. 0 2 4 6 8 10
tramp [mS]

@® Rapid restoration explicable with BHM alone, and occurs in 1D.

@® Higher order correlation functions are important — how do they contribute?.
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Starting from the MI ground state

@® Ratio of characteristic times roughly one but cut-off much smaller
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Part |: The excitation spectrum
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Probing the excitation spectrum

S.R. Clark and D.J, work in progress

@® Using alarge M = 59 system and computing the excitation spectrum generated by lattice

depth modulation : Vmog(x,t) = (VO-I—Amod sin (27wmodt)) sin? (kx)

@® Look at final energy versus modulation
frequency, after applying the
modulation for 30ms, for a variety of
lattice depths

® U has a value of around 1.5 kHz over
these depths.

as in Stoferle et al PRL (2004)
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Dependence on the number of particles

@® We consider varying numbers of atoms with showing Ml and SF with 1 to 2 particles
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Time dependence

® We look at how the energy is put into the system at N=90

SF Nigas  [FEE| | i | @ notlinear
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Probing the excitation spectrum cont.

® \We obtain very good agreement with the experimental data

=» broad spectrum in the superfluid region

=» split up into several peaks when going to the Ml regime
=» Shift of the MI peaks from U by approximately 10%

® Differences compared to the experiment (@) 1D

200

=> Different relative heights of the peaks

E 150
=» Transition between SF and MI region at a s
different value of U/J = 100
@® Explanation of peaks 50
429
= Gap in the MI Rl
=» Hopping between SF and MI due to trap (L[,E;Rj,) 1102(224%)
=» Higher order processes 14.(36)y

0 1 2 3 4 5 6

_. . Modulation Frequency [kHz]
\@/ v \@/ \@/I v exp. Stoferle et al PRL (2004)

s
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Part Il: Irreversible loading schemes




Current loading methods

@® Adiabatic loading in one sweep with almost no disorder
=) Arrange atoms by repulsion between bosons

Supefluid ,
e D. J., C. Bruder, J. . Cirac, C. W.
Gardiner, and P. Zoller, Phys. Rev. Lett.
Mottinsulatorl.l |.| |.|

81, 3108 (1998).

M. Greiner, O. Mandel, T. Esslinger, T.W.
Hansch, and I. Bloch, Nature 415, 39
(2002).

=» Arrange atoms by Fermi blocking

Fermi gas . |—|ejom mm— |
Single occupancy m Ld Ce Ld

L. Viverit, C. Menotti, T. Calarco, A.
Smerzi, quant-ph/0403178.
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Possible Improvements

@® Defect suppressed lattices

"\ NANANN S

irregular - regular filling, i.e., mixed
state = pure state - cooling

P. Rabl, A. J. Daley, P. O. Fedichev, J. I.
Cirac, and P. Zoller, Phys. Rev. Lett. 91,
110403 (2003).
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Measurement based schemes

(b)

Selective shift operations to close gaps

J. Vala, A.V. Thapliyal, S. Myrgren, U. Vazirani,
D.S. Weiss, K.B. Whaley, quant-ph/0307085.

Selective measurements of double
occupancies

G.K. Brennen, G. Pupillo, A.M. Rey, C.W. Clark,
C.J. Williams, quant-ph/0312069.



Repeatable irreversible loading schemes?

@® Can we combine irreversible processes with repulsive and/or Fermi blocking for
irreversible loading schemes?

=» Spontaneou
B Large mom

=) Other mechanisms
B Spontaneous emission of phonons
B Decay of hole excitations >0 \ [ e
B Evaporative cooling \ [rw /

B Photodissociation . n
s C. [) F
A.J. Daley, et al. Phys. Rev. A 69, 022306 (2004).

We combine irreversible processes with the blocking mechanisms
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Fermionic lattices

A. Griessner et al., in progress

@® We consider an optical lattice immersed in an ultracold Fermi gas

Raman laser with wave vector k.

|C>

n=1

k \/\/\/\/\/n=o

Energy
N

Coordinate space a

|d)

Filled Fermi sphere
Fermi sphere:  Hyes = ) i ekd;f{dk

Optical Lattice: Hsys == Za,n(wan,l —|— ea)cg,nca,n No hopping

rendon Laboratory, University of Oxford.
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Raman laser transitions

® Raman Hamiltonian

Hil = Yk Yam Ran kdichnth.c)+Yk Ardldi+
Za,n AQCE,nCoz,n

=) By choosing A, space dependent pattern loading can be achieved

= Different Fermi sphere modes are addressed by varying A,

=» The Fermi energy ¢¢ is much smaller then the band separation ®

=» The coupling between Fermi sea and lattices is determined by R, , which reads

R, = %ei(k—kL)xa /dee—i(k—kL)xgbn(X)

SXgl g i

=> We consider the case where |R_ | is large compared to the time it takes a Fermi
particle to move between the lattice sites |R, | > A/2vp =T, where v¢ is the Fermi
velocity and A the optical lattice wave length

B This allows to “locally” increase the particle density in the loading process
B We can obtain energy selective loading of the lattice
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Loading into the band n=1

@® Consider the interactions of lattice particles with the Fermi sphere

“ S
5

Energy
Py

vV V-V vV VvV "

v

|d)

Coordinate space a

Filled Fermi sphere

This interaction can cause the creation of particle/hole excitations:

Hinty = %Z Z /d3fceix(k/_k)¢m(x — Xa)¢n(x — Xa)dek’Cl'LmCin

k. k! c,m,n
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Linear sweep to load the whole lattice

k @W@Cﬁ /-

»
»

Energy

Coordinate space a

|d)

Filled Fermi sphere
@® We change the laser detuning dynamically

1. Sweep through the Fermi sea to load the first band
2. Spontaneously emit phonons

3. empty remaining atoms by tuning above the Fermi
sea

€88 Centre for Quantum Physics & Technology, Clarendon Laboratory, University of Oxford.



Numerical results

10° .
/\O
=
g10°F .
1 1 1 [l
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0.5F .
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g 15k
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Particle hole excitations - numbers

@ Creation of a particle hole excitations at a rate I' ~ a.? p, ®3?

=» For typical experimental parameters I' ~ 2 © x 1kHz

@® Excitation life time t limited by (important for reabsorption)
=> p-wave collisions very small o, T2 giving typically T ~ 2s
=) Sympathetic cooling with another species yields 1t ~ 1ms

=) Evaporation at a distance of | ~ Tum in t ~ 30us

@® Reabsorption does not cause heating but slowing of the cooling process

B Typical parameters: py, ~ 10" cm3, Tz ~ 0.5uK, T & 0.04T,
os ~ 101" cm? for 4°K.

@® Quantum optical master equations to describe these systems
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Irreversible loading of bosons

@® The Fermi sphere is replaced by a superfluid immersion

Raman laser with wave vector k_ Detuned by repulsive interaction U

Superfluid p,

Excitation b,
Coordinate space a

® The scheme works similar as for fermions but

=> A superfluid acts as the particle reservoir (c-number) and as the bath
— A.J. Daley, et al. Phys. Rev. A 69, 022306 (2004).

=) Fermi blocking is replaced by interaction blocking due to U

€88 Centre for Quantum Physics & Technology, Clarendon Laboratory, University of Oxford.



Part Il: Cooling atomic patterns
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Cooling atoms to the lowest energy sites

A.J. Daley et al., in progress

@® These cooling ideas can also be used to redistribute existing atoms, cooling
them to the lowest energy sites:

JYY VUV

> The existing atoms are compacted,
removing the empty sites.
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Cooling mechanism

@ Sites offset by ¢ / aiaietnit \

@® Off-resonant Raman process Q J
couples lowest Bloch band to 2
upper band J A

@ Tunnelling in upper band J l
(tunnelling in lowest band small) ,8

@ Cooling from excited motional
states via phonon emission

@® We must choose the Q and 6 _
appropriately to avoid populating o €

the excited motional states. '

€88 Centre for Quantum Physics & Technology, Clarendon Laboratory, University of Oxford.



Cooling Mechanism

® Sites offset by ¢ / \

@® Off-resonant Raman process
couples lowest Bloch band to N
upper band ’\

@ Tunnelling in upper band J
(tunnelling in lowest band small)

@ Cooling from excited motional
states via phonon emission

@ We must choose the Q and & /|
appropriately to avoid populating
the excited motional states. ' ‘
e.g., Q,J K¢

Q < Gamma: Cooling oc (QJ/S )2/ [(e-8)2+ T'2/4)]
Sideband Cooling!!!

Heating'c T (QJ/S)Z/ [(e+8)2+ I'2/4)]
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Cooling Mechanism

/ ----- \ @® Further Analysis:

=» Quantum Boltzmann Master Eq.

=) Quantum Trajectories Simulation
[see DJ et al. PRA 56, 575 (1997)]
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Outlook

® Partl:

= Dynamics of multi component BHM in 1D optical lattices
=» Extension to dissipative dynamics

=) Extension to 2D optical lattices

=) Entanglement creation in a Tonks gas

=» Ramping a lattice in a superfluid environment

=» Cooling in the lowest Bloch band

® Partll:

=» Photodissociation of a molecular BEC to fill the lattice
=>» Probing of excitations in the Fermi sphere (Life times)
=> CW phonon atom laser by stimulated emission of phonons
=) Controlled loading of several bosons
=) Extension to the case of finite hopping J#0
B Study the dissipative dynamics of strongly correlated systems
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