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introduction 1:
ultracold molecules



what means ultracold?

ultracold: T < 100 uK — a single quantum state
(or very few)
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why ultracold molecules

@ internal degrees of freedom, permant dipole moment
@ interesting applications:

@ molecular Bose-Einstein condensate
@ quantum computer
» cold £ little decoherence

@ precision measurements & tests of
fundamental symmetries

A . .
» cold = long observation times



why ultracold molecules
@ internal degrees of freedom, permant dipole moment
@ interesting applications:

@ example: precision
measurements
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why ultracold molecules

@ internal degrees of freedom, permant dipole moment
@ interesting applications:

@ molecular Bose-Einstein condensate
@ quantum computer
» cold £ little decoherence

@ precision measurements & test of
fundamental symmetries

» cold £ long observation times
@ ultracold collisions / reactions

A .
» cold = tunneling & resonances
> coherent control



introduction 2:
coherent control



what means coherent control?

quantum mechanics = probabilistic,
deterministic theory
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o QM: matter ~ waves — superposition principle
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principle of coherent control

QM: matter ~ waves — superposition principle

]

1
U, = —ops(ra) + E%UB)

AV TN
5 V, = —=0¢s(ra) — Eng(rB)

/\\,%\\\
2 - 2 ' +1 = e27Ti — 1= eﬂ"

2
B



principle of coherent control

o QM: matter ~ waves — superposition principle

a)

1 1

. vV, = E¢s(”A) + ﬁ¢5(r5)
1 1

vV, = Eaﬁs(m) - ﬁng(rB)

b)

@ manipulation of relative phases of different partial
wavepackets — control of interferences



what is a wavepacket?
=2 e Zlen)
time-dependent phases
coordinate representation:
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wavepacket dynamics

java applets
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control in time domain

Tannor & Rice

@ spatially localized
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control in time domain

Tannor & Rice

@ spatially localized
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coherent control

the classic examples
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Shapiro & Brumer: Principles of Brixner & Gerber
Quantum Control of Molecular Physikal. Blatter, April 2001

Processes. Wiley 2003

all realized experimentally in the 1990s



Brumer & Shapiro
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Shapiro & Brumer: Principles of
Quantum Control of Molecular
Processes. Wiley 2003

the classic examples

Tannor & Rice

Q0 =
EY
.
o O
AB+C ‘

Brixner & Gerber
Physikal. Blatter, April 2001

coherent control

Qp P

STIRAP

(am

Bergmann, Theuer, Shore
Rev. Mod. Phys. 70, 1003 (1998)

all realized experimentally in the 1990s

but there's more to control: optimization



optimal control

theory: inversion problem

find the 'potential’, which
generates the desired dynamics!

Schrédinger equation

Wt = t) ey T

CPK, Palao, Kosloff, Masnou-Seeuws,
Phys. Rev. A 70, 013402 (2004)



optimal control

theory: inversion problem experiment:

find the 'potential’, which feedbaCk-IOOPS

generates the desired dynamics!

Schrédinger equation

W(t= to)“”mm*”““wt =to+T)

pulse shaper

experiment

but: black-box
optimization of often
= complex systems
=> average over dof

CPK, Palao, Kosloff, Masnou-Seeuws,
=> thermal average

Phys. Rev. A 70, 013402 (2004)



optimal control

theory: inversion problem experiment:

find the 'potential’, which feedbaCk-IOOPS

generates the desired dynamics!

Schrédinger equation

W(t= to)“”mm*”““wt =to+T)

pulse shaper

experiment

but: black-box
optimization of often
= complex systems
=> average over dof

CPK, Palao, Kosloff, Masnou-Seeuws,
=> thermal average

Phys. Rev. A 70, 013402 (2004)

-3 ultracold atoms & molecules



example 1:

making ultracold molecules
with laser light



formation of ultracold molecules

@ laser cooling does not work for molecules (to date)!
@ alternative cooling methods ~~ T > 30 mK
@ laser & evaporative cooling of atoms, then

photoassociation
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formation of ultracold molecules

photoassociation
@ general (optical
transitions)
o first uK molecules

but spontaneous emission
«— coherence of BEC

Feshbach resonances
@ first molecules from
atomic BEC

@ first molecular BEC

but not generally available
not generally feasible

high vibrational
excitation, J >0

Nay, Xl):;
v =62

(Viast = 65)

L I I
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L L L
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© can we find an optical analogon of magnetic
Feshbach resonances?

@ what about coherent photoassociation?

© how do we get 'true’ molecules?



optical Feshbach resonances

%

2 atoms at the same site of an optical lattice



optical Feshbach resonances

CPK, Masnou-Seeuws, Kosloff, Phys. Rev. Lett. 94, 193001 (2005)
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first trap level (ground state potential)



optical Feshbach resonances

CPK, Masnou-Seeuws, Kosloff, Phys. Rev. Lett. 94, 193001 (2005)

0.001

excited state part of the
field—dressed wave function

lo®) I
[=}
[ _

R[A]
T T T T L T ]
AT=8 kWiem’ 0.002
0.01F B
= 5 kW/em’ =
2 B I VI3
& -
0 ”" = :://“”“‘:l‘
AL =0.425cm L
T I —— - L Il Il L Il
0 100 ZOQ 300 400 0 200 400 600 ) 800
R[A] internuclear distance R [ A ]

ground state part of the
field—dressed wave functions first trap level (ground state potential)



optical Feshbach resonances

CPK, Masnou-Seeuws, Kosloff, Phys. Rev. Lett. 94, 193001 (2005)
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optical Feshbach resonances

CPK, Masnou-Seeuws, Kosloff, Phys. Rev. Lett. 94, 193001 (2005)
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Feshbach resonance due to intensity

T
when crossing the il |
resonance, the lowest trap
state / continuum state
becomes a bound state
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Feshbach resonance due to intensity
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Feshbach resonance due

WR)P

when crossing the
resonance, the lowest trap
state / continuum state
becomes a bound state
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optical Feshbach resonances

me i excited state part of the

= 1 field—dressed wave function
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can we switch on the laser adiabatically
while avoiding spontaneous emission?



gain vs loss

projection :
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gain vs loss

projection : excited state part
<§bbare|90dressed> _ Pexc = <e‘§0dressed>
= sudden switchoff of field = lifetime of |Pgressed)
gain loss
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timescales

constraint of adiabaticity constraint of spont. emission
h Tatom
T T.;, = T < Tspont —
> laq Eground \/§ Ped}ggssed

trap




timescales

constraint of adiabaticity constraint of spont. emission
Tatom
— T < T, = —
T> Tad — ground < EERES \/§ Pdressed
trap exc
Virap = D kHz,

EE™ ~1.7-107* cm™!
T.q ~ 3000 ns
Virap = 250 kHz,
EE™ ~ 131073 cm™?
Tad ~ 45 ns



timescales

constraint of adiabaticity constraint of spont. emission
Tatom

> Tad - ground < Tspont o \/§ Pdressed
trap exc

Virap = 5 kHz, i.e. gain a factor 100 w.r.t.

EE™ ~1.7-107* cm™! Tatom =~ 30 ns by choosing
T.q ~ 3000 ns the adiabatic path right!

Virap = 250 kHz,
EE™ ~ 131073 cm™?
Tad ~ 45 ns

Topont ~ 3000 ns



timescales

constraint of adiabaticity constraint of spont. emission
Tatom

> Tad - ground < Tspont o \/§ Pdressed
trap exc

Virap = 5 kHz, i.e. gain a factor 100 w.r.t.

EE™ ~1.7-107* cm™! Tatom =~ 30 ns by choosing
T.q ~ 3000 ns the adiabatic path right!

Virap = 250 kHz,

EE™ ~ 131073 cm™?
Tad ~ 45 ns

There is a time window allowing the adiabatic formation of

molecules via an optical Feshbach resonance while avoiding

spontaneous emission for sufficiently tight traps!

Topont ~ 3000 ns



time-dep. simulations: v = 250 kHz
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time-dep. simulations: v = 250 kHz

ramps of field amplitude & frequency (final / =8 kW/cm? )
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time-dep. simulations: v = 250 kHz

ramps of field amplitude & frequency (final / =8 kW/cm? )
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time-dep. simulations: v = 250 kHz

ramps of field amplitude & frequency (final | =8 kW/cm? )
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time-dep. simulations: v = 250 kHz

ramps of field amplitude & frequency (final | =8 kW/cm? )
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coherent photoassociation

atoms in a MOT thermal ensemble
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‘pump’-'dump’ photoassociation

making molecules with photoassociation:
cw vs short pulses
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Masnou-Seeuws & Pillet, Adv. At. Mol. Opt. Phys. 47, 53 (2001)

@ spontaneous emission
@ time-reversal symmetry



‘pump’-'dump’ photoassociation

making molecules with photoassociation:

11800
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(iii) (ii) @
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-200 =F Iy +
axy, [/ X%
—400
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Interatomic distance R (a,)

Masnou-Seeuws & Pillet, Adv. At. Mol. Opt. Phys. 47, 53 (2001)

@ spontaneous emission
@ time-reversal symmetry

cw vs short pulses
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why is making molecules possible?

E =6x10°cm"
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why is making molecules possible?

B 1
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why is making molecules possible?
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coherent photoassociation?

t_+ 40 ps
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CPK, Luc-Koenig, Masnou-Seeuws, PRA 73, 033408 (2006)



coherent photoassociation?

t,+40 PS/\

11900

what is different 11800

from previous 117001 |
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projection
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choice of

pulses

role of laser detuning and spectral bandwidth

projection
(6]
X
5

projection of We.c(R, tina) auf Vibrationsniveaus von He(R), 8Rb;

'
)]
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= narrow band pulses

CPK, Kosloff, Masnou-Seeuws, PRA 73, 043409 (2006)



choice of pulses

role of laser detuning, spectral bandwidth & intensity

| W (R;t) [ [ arbitrary units]

ground state wavefunction after the pulse

5x10° -
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5x10°

\ \ \ -
20 40 60 80 100 120
internuclear distance R [ units of Bohr radii a ]

CPK, Kosloff, Masnou-Seeuws, PRA 73, 043409 (2006)




Time [ ps ]

photoassociation dynamics
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open questions: PA with pulses

I%<0
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open questions:

R transfer ?

bandwidth ?

ol

-1000F ‘ ‘ ‘
30

10 20
internuclear distance R [ a ]

-1
energy [cm ]

first experiments

On PRL's Cover

June 13, 2008

Population of a rubidium molecular state as a function of
the delay time between two femtosecond laser pulses. The
peak at zero and the coherent oscillations agree with the
experiment in which ultracold molecules were formed by
photoassociation using 108 trapped atoms.

Salzmann et al., PRL 100, 233003 (2008)

et al. = ... Fabian Weise . . .

PA with pulses
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example 2:
laser induced resonance
or

shaping the potential
energy surfaces



is the pump-dump scheme general?
the perfect example: Cs; 0, (P3)2)

1. excitation (pump)

2. stabilization (dump)
- 11900 f - 11900 f
5| 5|
< 11800 < 11800
g [ g [ R 1
W 11700H w 11700H
20 40 60 80 100 120 20 40 60 80 100 120
internuclear distance|[ &, ] internuclear distance|[ &, ]
@ at long range : 1/R3 @ at short range :
(small Ap) —1/R3 (Ap < 0)

N

efficiency of process




-1
energy [ cm ]

two possible dump mechanisms

softly repulsive wall

12850 09
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see also: Dion, Drag, Dulieu, Laburthe Tolra, Masnou-Seeuws, Pillet, PRL 86, 2253 (2001)



-1
energy [ cm ]

two possible dump mechanisms

softly repulsive wall resonant coupling
. “ ===
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see also: Dion, Drag, Dulieu, Laburthe Tolra, Masnou-Seeuws, Pillet, PRL 86, 2253 (2001)



energy | cm |

resonant vs non-res. SO coupling
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potentials and dipole moments : M. Aymar & O. Dulieu (Laboratoire Aimé Cotton, Orsay)



resonant coupling
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W, (R)

rotational constant [ a.u. ]

Pechkis, Wang, Eyler, Gould, Stwalley, CPK, PRA 76, 022504 (2007)
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stabilization to the ground state?

time-dependent FC factors

Projection
Projection
N~ O 00
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Time [ps] 690 = -15 Energy [cm_1 ] Time [ ps ] 400

v

4 I
-6 Energy [cm ]

Ap=41cm™!

CPK, Kosloff, Masnou-Seeuws, PRA 73, 043409 (2006)



dynamics with resonant SO coupling

t=-24.0 ps
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dynamics w/o resonant SO coupling

t= -24.0 ps
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stabilization to the ground state

population

|W, Rity) L arb. U]

with resonant spin-orbit coupling
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route to v = 0 (generic case) : OCT

strong fields and / or many Raman transitions

I ‘ — example: Naz, Vipitiat = 62 (Vjasr = 65)
08 excited state
: potentials: Tiemann group PRA (2000), Z Phys D (1996)
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=P required pulse energy ~ 4ml

Koch, Palao, Kosloff, Masnou-Seeuws, PRA 70, 013402 (2004)
see also: Pe'er, Shapiro, Stowe, Shapiro, Ye, PRL 98, 113004 (2006)
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strong fields and / or many Raman transitions

T ‘ —T example: Naz, Vipitiat = 62 (Vjasr = 65)
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field-induced resonant coupling

in collaboration with R. Moszyniski
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field-induced resonant coupling

in collaboration with R. Moszyniski
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field-induced resonant coupling

in collaboration with R. Moszyniski
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field-induced resonant coupling

in collaboration with R. Moszyniski

_ wavepacket motion
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field-induced resonant coupling

in collaboration with R. Moszyniski

_ wavepacket motion
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field-induced resonant coupling

in collaboration with R. Moszyniski

_ wavepacket motion
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field-induced resonant coupling

in collaboration with R. Moszyniski
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when is the coupling resonant?
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spin-orbit coupling:

W = Vso(R) — 237.6cm™?
for Rb



when is the coupling resonant?
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E
£ spin-orbit coupling:

12a00LLL < NCY W = Vso(ﬁ) —237.6cm !
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for Rb
field-induced coupling:

W = hQ = %u(ﬁ) CE(t)

if u(R) ~ 1at.u.
then Eg ~ 1.0 x 10" V/cm
| ~ 1.4 x 101 W/cm?

>



res. coupling & photoassociation

V,
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res. coupling & photoassociation

V,

v=20 SO
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level spacings drop to ~ 1cm™" in range of PA detunings



Hoay =

minimal model for Ca,
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choice of coupling laser
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CPK & Moszynski, submitted



choice of coupling laser

| =3.5x 108 W/cm? —3.2 x 10° W /cm?
wy = 113561cm ™" (881 nm) ~ target X'X [ level: v/ =1
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K
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S é jes
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| 10 ns pulse is
== =0 E constant on

time [ ns ] timescale of 100 ps
-—> feasible & robust

CPK & Moszynski, submitted



dynamics w/ induced res. coupling

photoassociation (pump) pulse
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dynamics w/ induced res. coupling

stabilization (dump) pulse

t= 93.0 ps
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how many molecules?
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typical MOT conditions: N,,,; = 12.5, 10 kHz rep.rate: 1 mol/ms
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how many molecules?

)

2P0 ¥ oor =56x10° W/em? :
= 1x10 ¢ E
B.1x107F a1 =32x10" W/em® 3
5 1x10°F = ’ 23
X2 o | qu—1.4x10 W/crrll
g 1x10 "¢ 100 1000 10000
E pulse energy [ nJ |

typical MOT conditions: N,,,; = 12.5, 10 kHz rep.rate: 1 mol/ms

accumulate molecules over many pump-dump cycles

@ )o@«o

can be improved: flux enhancement & speed up of decay

employ dissipation to achieve
unidirectionality

collisional decay to v = 0 within 1 ms if

p~10"3cm™3



field-induced resonant coupling
'shaping’ the potentials

a \ N < wavepacket motion b g g

4 FE B
EB coupling pp— ; —T]
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20 0 10
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- qualitative & substantial change of dynamics

- implementing resonance phenomenon of cold
molecules via coherent control
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example 3:

quantum information
with ultracold molecules
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qguantum information

= squaring the circle

particles with no controlled
interaction interaction
-> little decoherence -=> two-qubit gates
scalability

polar molecules in periodic arrangements

polar molecules = dipole-dipole interaction

in a static electric field electrostatic trap on a chip

Ly Efield

»
DeMille, PRL 88, 067901 (2002) Coté, Nat. Phys. 2, 583 (2006)



coherent control: shielding
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coherent control: shielding

PRL 101, 073201 (2008) PHYSICAL REVIEW LETTERS

week ending
15 AUGUST 2008

Suppression of Inelastic Collisions Between Polar Molecules With a Repulsive Shield

A.V. Gorshkov.! P. RabL.'? G. Pupillo.** A. Micheli.** P. Zoller.** M. D. Lukin."? and H.P. Biichler®
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FIG. 2 (color online). Born-Oppenheimer potentials in the
limit 7 >> ry: (a) = 0 and (b) # = 7/2. The effective potential
V() (solid line) is repulsive for all angles €. The dotted line

denotes the antisymmetric level relevant during a three-body
collision.
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cancel dipole-dipole interaction with external field control in
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example 4:

vibrational cooling of
ultracold molecules
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vibrational cooling — theory

the cooling target

dark ground state
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vibrational cooling — theory

the cooling target solutions
dark ground state t Imag
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vibrational cooling — theory

the cooling target

dark ground state
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vibrational cooling — theory

the cooling target

dark ground state
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cooling = maintaining a
dark ground state



vibrational cooling — exp.

Optical Pumping and Vibrational
Cooling of Molecules

Matthieu Viteau,® Amodsen Chotia,® Maria Allegrini,"? Nadia Bouloufa,* Olivier Dulieu,
Daniel Comparat,* Pierre Pillet™*

11 JULY 2008 VOL 321 SCIENCE www.sciencemag.org
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vibrational cooling — exp.

a crude way of maintaing a dark ground state ...
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vibrational cooling — exp.

. but it works!
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timescales

shaping the potentials 1: mimic resonant
coupling with an external field
shaping the potentials 2: shield molecules

from each other by manipulation with ac or dc
electric fields

vibrational cooling: maintain a dark target
state



summary

pump-dump photoassociation: initial state &
timescales
shaping the potentials 1: mimic resonant
coupling with an external field
shaping the potentials 2: shield molecules
from each other by manipulation with ac or dc
electric fields
vibrational cooling: maintain a dark target
state

= ultracold & ultrafast = pretty cool



