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introduction 1:
ultracold molecules



what means ultracold?

ultracold: T ≤ 100µK a single quantum state
(or very few)

Bose-

Einstein

condensation



why ultracold molecules

internal degrees of freedom, permant dipole moment

interesting applications:

molecular Bose-Einstein condensate
quantum computer

I cold , little decoherence

precision measurements & tests of
fundamental symmetries

I cold , long observation times



why ultracold molecules

internal degrees of freedom, permant dipole moment

interesting applications:

example: precision
measurements

I ultracold Sr2 molecules
I time dependence of
µ = me/mp

∆µ

µ
=

∆ν

ν

ν transition frequencies

Zelevinsky, Kotochigova, Ye,
PRL 100, 043201 (2008)
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introduction 2:
coherent control



what means coherent control?

quantum mechanics , probabilistic,
deterministic theory

|ψ(t = 0)〉 Schrödinger equation |ψ(t > 0)〉

For |ψ(t = 0)〉 given,

what dynamics (, what Ĥ)

guarantees a certain |ψ(t > 0)〉?



principle of coherent control

QM: matter ∼ waves superposition principle

Ψs =
1√
2
φs(rA) +

1√
2
φs(rB)

Ψa =
1√
2
φs(rA) − 1√

2
φs(rB)

+1 = e2πi − 1 = eπi

manipulation of relative phases of different partial
wavepackets control of interferences



principle of coherent control

QM: matter ∼ waves superposition principle

Ψs =
1√
2
φs(rA) +

1√
2
φs(rB)

Ψa =
1√
2
φs(rA) − 1√

2
φs(rB)

+1 = e2πi − 1 = eπi

manipulation of relative phases of different partial
wavepackets control of interferences



principle of coherent control

QM: matter ∼ waves superposition principle

Ψs =
1√
2
φs(rA) +

1√
2
φs(rB)

Ψa =
1√
2
φs(rA) − 1√

2
φs(rB)

+1 = e2πi − 1 = eπi

manipulation of relative phases of different partial
wavepackets control of interferences



what is a wavepacket?

|Ψ(t)〉 =
∑

i

ci e
− i

~Ei t︸ ︷︷ ︸ |ϕi〉

time-dependent phases

coordinate representation:

〈R |Ψ(t)〉 = Ψ(R , t) =
∑

i

cie
− i

~Ei tϕi(R)

wavepacket dynamics
java applets



wavepacket dynamics
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control in time domain
Tannor & Rice

spatially localized
wavepackets

manipulation of phase
, variation of ∆t

Baumert, Grosser, Thalweiser, Gerber, PRL 67, 3753 (1991)
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coherent control

the classic examples

Brumer & Shapiro

E
i

ω1

E
f

ω1 ω3

ω1

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

Tannor & Rice

Brixner & Gerber

Physikal. Blätter, April 2001

STIRAP

Bergmann, Theuer, Shore

Rev. Mod. Phys. 70, 1003 (1998)

all realized experimentally in the 1990s

but there’s more to control: optimization
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optimal control

theory: inversion problem

find the ’potential’, which

generates the desired dynamics!

Ψ(t = t0)

Schrödinger equation

Ψ(t = t0 +T )

5 10 15 20 25 30 35
internuclear distance [ a0 ]

5 6 7
internuclear distance [ a0 ]

CPK, Palao, Kosloff, Masnou-Seeuws,

Phys. Rev. A 70, 013402 (2004)

experiment:
feedback-loops

pulse shaper

experiment

algorithm

but: black-box
optimization of often
complex systems

average over dof
thermal average

ultracold atoms & molecules
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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)

first µK 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

5 10 15 20 25 30 35
internuclear distance [ a0 ]

Na2, X 1Σ+
g

v = 62

(vlast = 65)



1 can we find an optical analogon of magnetic
Feshbach resonances?

2 what about coherent photoassociation?

3 how do we get ’true’ molecules?



optical Feshbach resonances

d

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

when crossing the
resonance, the lowest trap
state / continuum state
becomes a bound state
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optical Feshbach resonances
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can we switch on the laser adiabatically
while avoiding spontaneous emission?



gain vs loss

projection :
〈φbare|ϕdressed〉.
= sudden switchoff of field
gain

5
10

15
20

25
30

35
40

−4.34
−4.32

−4.3
−4.28

−4.26
−4.24

−4.22
−4.2

0

0.2

0.4

0.6

Detuning [ cm−1 ]Intensity [ kW/cm2 ]

P
ro

je
ct

io
n 

on
 la

st
 b

ou
nd

 s
ta

te

excited state part
Pexc = 〈e|ϕdressed〉.

= lifetime of |ϕdressed〉
loss

5
10

15
20

25
30

35
40

−4.34
−4.32

−4.3
−4.28

−4.26
−4.24

−4.22
−4.2

0.01

0.02

0.03

0.04

0.05

Detuning [ cm−1 ]Intensity [ kW/cm2 ]

E
xc

ite
d 

st
at

e 
po

pu
la

tio
n



gain vs loss

projection :
〈φbare|ϕdressed〉.
= sudden switchoff of field
gain

5
10

15
20

25
30

35
40

−4.34
−4.32

−4.3
−4.28

−4.26
−4.24

−4.22
−4.2

0

0.2

0.4

0.6

Detuning [ cm−1 ]Intensity [ kW/cm2 ]

P
ro

je
ct

io
n 

on
 la

st
 b

ou
nd

 s
ta

te

excited state part
Pexc = 〈e|ϕdressed〉.

= lifetime of |ϕdressed〉
loss

5
10

15
20

25
30

35
40

−4.34
−4.32

−4.3
−4.28

−4.26
−4.24

−4.22
−4.2

0.01

0.02

0.03

0.04

0.05

Detuning [ cm−1 ]Intensity [ kW/cm2 ]

E
xc

ite
d 

st
at

e 
po

pu
la

tio
n



timescales
constraint of adiabaticity

T � Tad =
~

E ground
trap

νtrap = 5 kHz,

E ground
trap ≈ 1.7 · 10−4 cm−1

Tad ≈ 3000 ns
νtrap = 250 kHz,

E ground
trap ≈ 1.3 · 10−3 cm−1

Tad ≈ 45 ns

constraint of spont. emission

T � Tspont =
τatom√
2Pdressed

exc

i.e. gain a factor 100 w.r.t.
τatom ≈ 30 ns by choosing
the adiabatic path right!

Tspont ≈ 3000 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!
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time-dep. simulations: ν = 250 kHz
ramps of field amplitude & frequency (final I = 8 kW/cm2 )
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coherent photoassociation

atoms in a MOT thermal ensemble
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cold thermal ensemble
cold collisions: s-wave
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CPK, Kosloff, Luc-Koenig, Masnou-Seeuws, Crubellier, J Phys B 39, S1017 (2006)



’pump’-’dump’ photoassociation

making molecules with photoassociation:
cw vs short pulses
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why is making molecules possible?
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why is making molecules possible?
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coherent photoassociation?

what is different
from previous
pump-probe
schemes?
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choice of pulses

role of laser detuning and spectral bandwidth

projection of Ψexc(R, tfinal) auf Vibrationsniveaus von Ĥe(R), 87Rb2
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choice of pulses

role of laser detuning, spectral bandwidth & intensity
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photoassociation dynamics
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open questions: PA with pulses
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example 2:

laser induced resonance

or

shaping the potential
energy surfaces
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two possible dump mechanisms
softly repulsive wall
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see also: Dion, Drag, Dulieu, Laburthe Tolra, Masnou-Seeuws, Pillet, PRL 86, 2253 (2001)
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resonant vs non-res. SO coupling
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resonant coupling
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stabilization to the ground state?

time-dependent FC factors
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dynamics with resonant SO coupling
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dynamics w/o resonant SO coupling
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stabilization to the ground state
with resonant spin-orbit coupling
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route to v = 0 (generic case) : OCT
strong fields and / or many Raman transitions

0

0.2

0.4

0.6

0.8

1

Po
pu

la
tio

n

0 500 1000 1500 2000
time [fs]

0

0.2

0.4

0.6

0.8

1
ν = 62

ν = 0

excited state

ground state

example: Na2, vinitial = 62 (vlast = 65)
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required pulse energy ∼ 4mJ

Koch, Palao, Kosloff, Masnou-Seeuws, PRA 70, 013402 (2004)

see also: Pe’er, Shapiro, Stowe, Shapiro, Ye, PRL 98, 113004 (2006)

can we do better?
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field-induced resonant coupling
in collaboration with R. Moszyński
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5000

10000

15000

20000

25000

en
er

gy
 [ 

cm
-1

 ]

5 10 15 20 25 30
internuclear distance R [ Bohr radii ]

-1000

-500

0

500

50 100 150

pump

coupling

wavepacket motion



field-induced resonant coupling
in collaboration with R. Moszyński
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when is the coupling resonant?
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if µ(R̂) ∼ 1 at.u.
then E0 ∼ 1.0× 107 V/cm

I ∼ 1.4× 1011 W/cm2
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res. coupling & photoassociation

coupling needs to be comparable to level
spacings
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minimal model for Ca2
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B1Σ+

u (1P+1S)
µ23(R̂) · E2(t) 0 0

0 µ23(R̂) · E∗2 (t) Ĥ
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choice of coupling laser
I = 3.5× 108 W/cm2 −3.2× 109 W/cm2

ω2 = 11351 cm−1 (881 nm) y target X1Σ+
g level: v ′′ = 1
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CPK & Moszyński, submitted
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dynamics w/ induced res. coupling

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

stabilization (dump) pulse
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how many molecules?
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unidirectionality

collisional decay to v = 0 within 1 ms if

ρ ∼ 10−13 cm−3

can be improved: flux enhancement & speed up of decay
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field-induced resonant coupling
’shaping’ the potentials
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example 3:

quantum information
with ultracold molecules



quantum information
= squaring the circle

particles with no
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little decoherence
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example 4:

vibrational cooling of
ultracold molecules
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solutions

cooling = maintaining a
dark ground state
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vibrational cooling – exp.

a crude way of maintaing a dark ground state . . .



vibrational cooling – exp.

. . . but it works!
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shaping the potentials 1: mimic resonant
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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
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