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Cold molecules and interactions
2

challenging experiments

− many degrees of freedom

− moderately degenerate gases of molecules but no BEC yet

− limited understanding of the atom-dimer interactions and dimer-dimer
→ experimentally: limited to inelastic interactions

motivations

− Bose-Einstein condensation

− cold polar molecules with strong
dipole-dipole interactions

− cold chemistry, quantum
simulation, sensitive probe... A. Shindewolf et al. (2022)



Cold molecules and interactions
2

challenging experiments

− many degrees of freedom

− moderately degenerate gases of molecules but no BEC yet

− limited understanding of the atom-dimer interactions and dimer-dimer
→ experimentally: limited to inelastic interactions

motivations

− Bose-Einstein condensation

− cold polar molecules with strong
dipole-dipole interactions

− cold chemistry, quantum
simulation, sensitive probe... A. Shindewolf et al. (2022)



Few-body physics: atom-dimer interaction
3

few-body physics: interaction
between a dimer and a free atom

at T = 0: s-wave interactions described by a scattering length a
→ determination of the atom-dimer scattering length aad

first theoretical predictions for |a| → +∞
fermions: determination of aad and add

bosons: Efimov physics

our initial system:
→ uniform planar ultracold gas of rubidium 87

interaction between a dimer and an
atomic bath in a mean field framework
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1. Preparation of a uniform planar bath of ultracold atoms

2. Creation of dimers from a cold atomic bath

3. Precise measurement of the atom-dimer scattering length



Preparation of a uniform planar bath of ultracold atoms
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the physical system:

− planar ultracold Bose gas, rubidium
87

− homogeneous gases

− contact interactions described by an
atom-atom scattering length a
→ interaction energy:

Eint ∝ an2
a

→ description of the atom-dimer interaction as Edimer,bath ∝ aad

the experiment:

− preparation of a 3D BEC

− loading in a single node of an optical lattice

− tunable hard-wall box potential (DMD)

− uniform density
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ℓ = 0



Least-bound state
7

in real life → hyperfine structure, singlet-triplet coupling, Zeeman diagram: simple model
ℓ = 0

0 0.5 1 1.5 2

−29

−27

−24

−22

F = 1, 3

F = 2

-1
0 1|f = 1,mf ⟩

mF

-1

-2
0

1
-1
-3

2
-2
0
-1
1
3
2
0

1

B (G)

E
(M

H
z)

precise measurement:

− T = 0: no kinetic broadening

− uniform surface density

− magnetic-insensitive line



Least-bound state
7

in real life → hyperfine structure, singlet-triplet coupling, Zeeman diagram: simple model
ℓ = 0

0 0.5 1 1.5 2

−29

−27

−24

−22

F = 1, 3

F = 2

-1
0 1|f = 1,mf ⟩

mF

-1

-2
0

1
-1
-3

2
-2
0
-1
1
3
2
0

1

B (G)

E
(M

H
z)

precise measurement:

− T = 0: no kinetic broadening

− uniform surface density

− magnetic-insensitive line



Density dependence of the atom-dimer line
8

initial atomic gas:
− zero temperature

− uniform surface density na

−2 −1 0 1

0

−0.2

ν − ν0 (kHz)

δ
n
a
/
n
a

33 µm−2 101 µm−2

0 25 50 75 100
−800

−600

−400

−200

0

na (µm−2)

∆
ν
(n

=
−
1
)
(H

z)

δna/na = 20%

δna/na = 14%

δna/na = 8%



Density dependence of the atom-dimer line
8

initial atomic gas:
− zero temperature

− uniform surface density na

−2 −1 0 1

0

−0.2

ν − ν0 (kHz)

δ
n
a
/
n
a

33 µm−2 101 µm−2

0 25 50 75 100
−800

−600

−400

−200

0

na (µm−2)

∆
ν
(n

=
−
1
)
(H

z)

δna/na = 20%

δna/na = 14%

δna/na = 8%



Density dependence of the atom-dimer line
8

initial atomic gas:
− zero temperature

− uniform surface density na

−2 −1 0 1

0

−0.2

ν − ν0 (kHz)

δ
n
a
/
n
a

33 µm−2 101 µm−2

0 25 50 75 100
−800

−600

−400

−200

0

na (µm−2)

∆
ν
(n

=
−
1
)
(H

z)

δna/na = 20%

δna/na = 14%

δna/na = 8%



Mean field interpretation
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atom-dimer line shift

∆ν/na = hν − hν0 = −7.3(3)Hz/µm−2
→ gives aad

photoassociation resonance:

− hν0

− 2µa

− Edimer,bath =
2πℏ2

Mr
aad

∫
ρafd dz

ρa: atomic density profile,
∫
ρa dz = na

fd: dimer distribution function,
∫
fd dz = 1

homogeneous planar gas
→ Edimer,bath determined by the vertical overlap of the atoms and dimer distributions

→ experimental determination of an atom-dimer scattering length

aad = 184(2) a0

see also R. Wynar et al. Science, 287 (2000) error bar ∼ signal
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M1b: aad = 165(7) a0

→ similar aad → large difference of aad

a ↔ aad ?

van der Waal universality ?

P. M. A. Mestrom PRA (2017)
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→ first quantitative measurement of the
atom-dimer scattering length
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are these results species dependent? → new calculations for 87Rb

is there universality for the least bound states? C6 → a → aad
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Photoassociation
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Line width and scaling
14

0 20 40 60 80 100

0.5

1

1.5

na (µm−2)

Γ
(k

H
z)

20 60 100

1

2

3

4

·10−3

na (µm−2)

S 1
,2

(a
rb

.u
n
it
)

(a)

20 60 100

1

3

5

·10−2

na (µm−2)

S 1
,2

(a
rb

.u
n
it
)

(b)

10 20 30
0

1

2
·10−4

na (µm−2)
S 1

,2
(a
rb

.u
n
it
)

(c)



Atomic losses
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Least vibrational state spectroscopy
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simple model for a weakly bound state
Ast ≪ Ahfs:

Ĥ = Ĥhfs + ĤZ + Ĥst

Ĥst = Astŝ1 · ŝ2

n = −1:

E0 = −h · 24.985(1)MHz

Ast = h · 2.875(5)MHz

n = −2:

E0 = −h · 642.219(1)MHz

van der Waals:

n = −1 →∼ 1 kHz,
n = −2 →∼ 11 kHz



Density dependence of the atom-dimer lines
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