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Cooling and trapping 
Atoms, basics
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temperature vs. velocity scale
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ideal gas:
relation between
kinetic energy and
rms velocity

we assume
m = 87 u
Rb atoms as example
(most common species)



ultracold.at
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quantum
degeneracy

starting conditions:
hot vapor

decelerated
atomic beam

atoms in a MOT

laser cooling
evaporation

temperature regimes



Ultracold atoms
No laser cooling

�𝐻𝐻
≲ 0.5 K

Also, several molecular species: SrF, CaF, etc



Atomic species brought to degeneracy

More on Fermions and Bosons Today and tomorrow

Composite boson/fermion:
Overall integer/half-integer spin



Why are Fermions rare?

Spin-statistics connection:

𝑆𝑆𝑎𝑎𝑎𝑎𝑎𝑎𝑟𝑟 = �𝑠𝑠𝑒𝑒 + 𝑠𝑠𝑝𝑝 + 𝑠𝑠𝑛𝑛

The atom is neutral: 𝑍𝑍 = 𝑛𝑛𝑒𝑒 = 𝑛𝑛𝑝𝑝 ⇒ ∑𝑠𝑠𝑒𝑒 + 𝑠𝑠𝑝𝑝 integer

Even(odd) N: B(F)

Nuclear pairing favors even N nuclear configurations

Fermionic isotopes are more unstable

{ Integer: Boson

Semi-Integer: Fermion



scattering force

g

e
ℏ𝑘𝑘

momentum transfer

absorption �⃗�𝑝𝑒𝑒 = �⃗�𝑝0 + ℏ𝑘𝑘

stimulated emission �⃗�𝑝1 = �⃗�𝑝𝑒𝑒 − ℏ𝑘𝑘 = �⃗�𝑝0 no net effect

spontaneous emission �⃗�𝑝1 = �⃗�𝑝𝑒𝑒 − ℏ𝑘𝑘𝑘
= �⃗�𝑝0 + ℏ𝑘𝑘 − ℏ𝑘𝑘𝑘

on average
zero

ℏ𝑘𝑘𝑘
same in

each cycle

absorption-emission cycleslaser beam atom

�⃗�𝑝0

decay rateΓ:
�⃗�𝐹𝑟𝑟𝑠𝑠 = ℏ𝑘𝑘 Γ 𝜌𝜌𝑒𝑒

𝜌𝜌𝑒𝑒: population of excited state



resonance behavior

𝜌𝜌𝑒𝑒 Δ = 1
2

𝑆𝑆
(2Δ/Γ)2+ 𝑆𝑆 + 1

excited-state
population

𝑆𝑆 = 𝐼𝐼/𝐼𝐼𝑟𝑟𝑎𝑎𝑎𝑎
saturation parameter

saturation
intensity

Δ = 𝜔𝜔 − 𝜔𝜔0

frequency detuning

laser
freq.

transition
freq.

Γ 𝑆𝑆 + 1

Δ0

ℏ𝑘𝑘 Γ
2

𝑆𝑆
𝑆𝑆+1

linewidth
(sat. broadened)

force



Doppler effect: force depends on atomic 
velocity
Δ = 𝜔𝜔 − 𝑘𝑘 � �⃗�𝑣 − 𝜔𝜔0

Γ
𝑘𝑘

𝑆𝑆 + 1

𝑣𝑣

resonant
velocity

𝑣𝑣0 = (𝜔𝜔 −𝜔𝜔0)/𝑘𝑘

force ℏ𝑘𝑘 Γ
2

𝑆𝑆
𝑆𝑆+1

Christian Doppler
(1803 – 1853)

Austrian physicist



some typical numbers

Γ
𝑘𝑘

𝑆𝑆 + 1

𝑣𝑣
tunable

acceleration
= force / mass

ℏ𝑘𝑘Γ
2𝑟𝑟

𝑆𝑆
𝑆𝑆+1

maximum acceleration
amax = 1.10 × 105 m/s2

minimum width
∆vmin = 4.67 m/s

~105 m/s2

few m/s

what you should
remember!

Γ/2π = 5.98 MHz
natural linewidth

λ = 780 nm
wavelength

87Rb Isat = 1.64 mW/cm2

saturation intensity



decelerating an atomic beam

Rb @
200 °C

𝐿𝐿𝑟𝑟𝑚𝑚𝑛𝑛 = 𝑣𝑣2/(2𝑎𝑎𝑟𝑟𝑎𝑎𝑚𝑚) = 41cm

min. distance for slowing atoms from 300m/s to zero

~300 m/s

v

n(v)
Maxwell-Boltzmann
velocity distribution



remember Doppler

v

n(v)



remember Doppler

v

n(v)

Andreev et al.

1.5 K

first signal in Russia



Zeeman slower
B(z)

Zeeman effect
compensates 

for Doppler effect:
continuous slowing !!!

z
tapered

⊗ ⊗ ⊗ ⊗ ⊗ ⊗ ⊗ ⊗ ⊗ ⊗
⊗ ⊗ ⊗ ⊗ solenoid

σ+



ℏ𝑘𝑘Γ2 𝑆𝑆

force
in units of

here ∆ = -Γ

𝑆𝑆 ≪ 1
low-intensity

limit

optical molasses

ℏ𝑘𝑘

• use pair of counterpropagating laser beams
• choose detuning below resonance

atom
−ℏ𝑘𝑘

v

recipe:

friction force
F = - βv



friction

𝛽𝛽 = 4ℏ𝑘𝑘2 𝑆𝑆
−2Δ/Γ

[1 + (2Δ/Γ)2]2
friction
coefficient 𝑆𝑆 ≪ 1

𝑑𝑑
𝑑𝑑𝑎𝑎
𝐸𝐸𝑘𝑘𝑚𝑚𝑛𝑛 = 𝑚𝑚𝑣𝑣 𝑑𝑑

𝑑𝑑𝑎𝑎
𝑣𝑣 = 𝑣𝑣 𝐹𝐹 𝑣𝑣 = −𝛽𝛽 𝑣𝑣2 = −2𝛽𝛽

𝑟𝑟
𝐸𝐸𝑘𝑘𝑚𝑚𝑛𝑛

1
2 𝑚𝑚𝑣𝑣

2 −𝛽𝛽𝑣𝑣

dissipation of kinetic energy

energy damping rate
typ. time scale: few µs

1
4 Δ = −Γ2for



heating

ℏ𝑘𝑘
atom

−ℏ𝑘𝑘

Δ𝐸𝐸 = 2ℏ2𝑘𝑘2/𝑚𝑚

= 2ℏ2𝑘𝑘2/𝑚𝑚

= 0
= 0

25% Δ𝑝𝑝 = +2ℏ𝑘𝑘
25% = 0
25% = 0
25% = −2ℏ𝑘𝑘

cycles of
absorption and
spont. emission

< Δ𝐸𝐸 > = ℏ𝟐𝟐𝒌𝒌𝟐𝟐/𝒎𝒎average energy gain per cycle:

heating rate 𝑑𝑑
𝑑𝑑𝑎𝑎𝐸𝐸𝑘𝑘𝑚𝑚𝑛𝑛 = ℏ𝟐𝟐𝒌𝒌𝟐𝟐

𝒎𝒎 2 Γ
4 𝑆𝑆

scattering rate (both beams)

Δ =−Γ2



balance between heating and cooling

𝑑𝑑
𝑑𝑑𝑎𝑎𝐸𝐸𝑘𝑘𝑚𝑚𝑛𝑛 = ℏ2𝑘𝑘2

𝑟𝑟
Γ
2 𝑆𝑆 heating

𝑑𝑑
𝑑𝑑𝑑𝑑𝐸𝐸𝑘𝑘𝑚𝑚𝑛𝑛 = −2𝛽𝛽

𝑟𝑟
𝐸𝐸𝑘𝑘𝑚𝑚𝑛𝑛 = −2ℏ𝑘𝑘2

𝑟𝑟
𝑆𝑆 𝐸𝐸𝑘𝑘𝑚𝑚𝑛𝑛 cooling

balance: 𝐸𝐸𝑘𝑘𝑚𝑚𝑛𝑛 = ℏΓ
4

1
2𝑘𝑘𝐵𝐵𝑇𝑇

𝑇𝑇𝐷𝐷 = ℏΓ
2𝑘𝑘𝐵𝐵

Doppler temperature
(low sat. S<<1, optimum det. ∆ = -Γ/2)

lowest attainable temperature determined by transition linewidth !

Rb: TD = 146 µK

Δ =−Γ2

Lower temperatures are possible with multilevel atoms, sub-Doppler



landmark: magneto-optical trap



magneto-optical trap (MOT)
right-hand
circular

right-hand
circular

left-hand
circular

left-hand
circular

left-hand
circular

left-hand
circular



along z-axis

spatially restoring force: 𝐹𝐹 𝑧𝑧 = −𝜅𝜅𝑧𝑧 (lin. approx. in trap center)

(same for x-, and y-axis)



MOT Gallery
Sodium MOT

MORE IN  LAB TOUR 

Strontium and Litium MOTs
Erbium MOT

Potassium MOT



Laser cooling

Evaporative cooling

✔No fundamental limits to the ultimate 
lower temperature
✔More efficient at high spatial density
✔Proven method to enter into the quantum 
degenerate regime

✔Large capture range
✔High atomic flux
✔Fast cooling rate

✗Phase-space density limited to 10-6...10-4 (with 
exceptions)

Cooling techniques



low field seeking

high field seeking

adiabatic condition along 
atomic trajectories

Magnetic Traps

𝑈𝑈 𝐵𝐵 = −𝜇𝜇 � 𝐵𝐵 = 𝑚𝑚𝐹𝐹𝑔𝑔𝐹𝐹𝜇𝜇𝐵𝐵 𝐵𝐵

𝑚𝑚𝐹𝐹𝑔𝑔𝐹𝐹 > 0
𝑚𝑚𝐹𝐹𝑔𝑔𝐹𝐹 < 0

𝑑𝑑 �𝐵𝐵
𝑑𝑑𝑑𝑑

≪
𝜇𝜇 𝐵𝐵
ħ = 𝜔𝜔𝐿𝐿

𝐵𝐵 𝑥𝑥,𝑦𝑦, 𝑧𝑧 = 𝐵𝐵𝑘
−𝑥𝑥
−𝑦𝑦
2𝑧𝑧

𝐵𝐵 = 𝐵𝐵𝑘 𝑥𝑥2 + 𝑦𝑦2 + 4𝑧𝑧2



Magnetic traps

Low-field seekers would need a 3D minimum for
High-field seekers would need a 3D maximum for

In general, one finds that

, i.e. 
Earnshaw‘s theorem
for magnetic fields

As a consequence, there is no trap (in free space) for high-field seekers.

Thus:  

The absolute ground-state cannot be
trapped magnetically.

Solution: optical trapping

𝐵𝐵(𝑟𝑟)
𝐵𝐵(𝑟𝑟)

𝛻𝛻2 �⃗�𝐵 > 0 𝛻𝛻2𝐵𝐵2 > 0

𝑚𝑚𝐹𝐹𝑔𝑔𝐹𝐹 > 0

𝑚𝑚𝐹𝐹𝑔𝑔𝐹𝐹 < 0



Light shift and light forces

So far, we have neglected the light shift (or ac Stark effect) on the atoms.
What we have done is introduce the dissipative forces simply by hand.

But that is only half the truth!

Note: This Force 
requires a varying
intensity. 

Not there for plane wave

�⃗�𝐹=�⃗�𝐹𝑟𝑟𝑠𝑠 + �⃗�𝐹𝑑𝑑𝑚𝑚𝑝𝑝

�⃗�𝐹𝑟𝑟𝑠𝑠 = ℏ𝑘𝑘 Γ 𝜌𝜌𝑒𝑒

�⃗�𝐹𝑑𝑑𝑚𝑚𝑝𝑝 = −ℏ∆
𝛻𝛻𝑆𝑆
𝑆𝑆

𝜌𝜌𝑒𝑒

�⃗�𝐹𝑑𝑑𝑚𝑚𝑝𝑝



Light shift and light forces
Let‘s take a closer look at

In the limit               we have  

with Conservative force !!!

but for the scattering rate 

Comment: This is the basis for optical tweezers (Nobel prize 2018)
As well as a large fraction of the modern cold atom experiments

�⃗�𝐹𝑑𝑑𝑚𝑚𝑝𝑝 = −ℏ∆
𝛻𝛻𝑆𝑆
𝑆𝑆

𝜌𝜌𝑒𝑒

�⃗�𝐹𝑑𝑑𝑚𝑚𝑝𝑝 = −𝛻𝛻𝑈𝑈𝑑𝑑𝑚𝑚𝑝𝑝

𝑈𝑈𝑑𝑑𝑚𝑚𝑝𝑝 =
ℏ∆
2 ln

1 + 𝑆𝑆 + 2∆
Γ

2

1 + 2∆
Γ

2

Note: U has the sign of ∆

∆≫ Γ



Light shift and light forces
Dipole trap gallery: usually generated by far-off-resonant laser beams

crossed-beam
trap

standing-wave trap (1D lattice)

focused gaussian beam trap
ωx,ωy > ωz

ωy ≈ ωz ≈ ωx

ωz >> ωx andωy

3D optical lattice (here: cubic)

z

z

More on optical lattices tomorrow

Blue-detuned optical trap

Phys. Rev. Lett. 118, 123401 (2017).



colder
and

denser,
evaporative cooling is
extremely efficient !!!

reduction of the potential barrier
1/10 to
1/1000
typically

Evaporative cooling

Basic idea

More on collisional properties tomorrow

Thermal equilibrium via elastic collisions



Historical highlights

BEC

87Rb

BEC
23Na

BEC ?

7Li

BEC confirmed in 1997



Sympathetic cooling

Evaporation not working due to bad collisional properties:

Example: spin polarized Fermi gas
Solution: Mixture

First degenerate Fermi gas: B. DeMarco, D. S. Jin, Science (1999).

More on mixtures tomorrow

“Spin up” fermion

“Spin down” fermion



1000 K

1 K

1 mK

1 µK

1 nK

100 m/s

1 m/s

100 mm/s

1 mm/s

10 m/s

10 mm/s

1 km/s

quantum
degeneracy

starting conditions:
hot vapor

decelerated
atomic beam

atoms in a MOT

laser cooling
evaporation

Conclusions:



Thank you

Powered by: R. Grimm, H. C. Nägerl, F. Ferlaino, G. Ferrari

More in next lectures and labtours



Recent developments

2001 single atom tweezer

Combination of cooling and trapping



Combination of cooling and trapping

Recent developments



Recent developments

2009-2010 quantum gas microscope



Recent developments



Recent developments

2017 tweezer-based Q-simulator

2016 tweezer arrays



Recent developments

2017 tweezer-based Q-simulator



atomic sample camera screen

resonant
laser

Imaging cold atomic gases



atomic sample camera screen

resonant
laser

Imaging cold atomic gases



atomic beam oven

Zeeman Slower

Main chamber



Collisional blockade regime

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

= 𝑅𝑅 − 𝛾𝛾𝑑𝑑 − 𝛽𝛽𝑘𝑑𝑑(𝑑𝑑 − 1)

Low R: 𝑑𝑑𝑟𝑟𝑟𝑟 ≈
𝑅𝑅
𝛾𝛾

High R: 𝑑𝑑𝑟𝑟𝑟𝑟 ≈
𝑅𝑅
𝛽𝛽𝑘

Crossover regime: 𝑑𝑑𝑠𝑠 ≈
𝛾𝛾
𝛽𝛽𝑘

𝛽𝛽𝑘 is larger for smaller trap volume

𝑅𝑅𝑠𝑠 ≈
𝛾𝛾2

𝛽𝛽𝑘



Collisional blockade regime

𝑑𝑑𝑠𝑠 ≫ 1 Typical situation,
Change of slope

𝑑𝑑𝑠𝑠 ≪ 1 Not physically acceptable: 
collisions would play a role for N<1 

Schlosser et al. PRL 89, 023005 



Cooling & Trapping: historical highlights

BEC

87Rb

BEC
23Na

BEC ?

7Li

BEC confirmed in 1997



Feshbach resonances

Evaporation not working due to bad collisional properties:

Example: certain bosonic species, like Cs
Solution: Feshbach resonances

More on this tomorrow

1998 interaction tuning



strontium cooling transitions

singlet triplet

strong line
λ = 461nm
Γ = 2π × 32 MHz weak inter-

combination line
λ = 689nm
Γ = 2π × 7.4 kHz

TD = 770 µK
amax = 1.0×106 m/s2

TD = 180 nK
amax = 160 m/s2

atomic beam slowing
and MOT precooling (mK) deep Doppler cooling (µK)

(TR = 230 nK)



BEC by laser cooling !

experiments continued in the
Schreck group in Amsterdam



Cooling and trapping

-Laser cooling

-Magnetic trapping

-Optical trapping

-Evaporation



Cooling and trapping

-Laser cooling

-Magnetic trapping

-Optical trapping

-Evaporation

Interaction engineering 

-Feshbach resonances

-Dipolar gases 

-Polar molecules

-Rydberg gases

-Coupling to photonic structures



BEC by laser cooling !

Hu et al., Science 358, 1078–1080 (2017).
With Cs in arXiv:1906.05334 (2019).



Cooling & Trapping: Raman sideband cooling

Raman sideband cooling (RSC) on (neutral) Cs in a lattice

Trick: shift vibrational
levels into resonance
via the Zeeman effect

(           denotes
the Raman transition)

dark
state!

(makes this type of
cooling very robust)

First demonstration in 1989 (ions-1D). Group of D. Wineland, NIST Boulder, Nobel Prize 2012.
for atoms: S. E. Hamann, et al. Phys. Rev. Lett. 80, 4149–4152 (1998).











See also the theory of hydrodynamic expansion of BECs:
Y. Castin, R. Dum, PRL 77, 5315 (1996)



Evaporation in magnetic traps
●Spin-flip transitions induced by radiofrequency fields
●Frequency of the RF sets the threshold for evaporation
●Curvature of the confining potential is unaffected when reducing the trap depth

●Spin-flip transitions induced by radiofrequency fields
●Frequency of the RF sets the threshold for evaporation
●Curvature of the confining potential is unaffected when reducing the trap depth

Unperturbed levels Dressed levels



Evaporation in magnetic traps
●Spin-flip transitions induced by radiofrequency fields
●Frequency of the RF sets the threshold for evaporation
●Curvature of the confining potential is unaffected when reducing the trap depth

●Spin-flip transitions induced by radiofrequency fields
●Frequency of the RF sets the threshold for evaporation
●Curvature of the confining potential is unaffected when reducing the trap depth

Unperturbed levels Dressed levels

RF-dressing of Zeeman states is a versatile tool to implement exotic configurations such as d

Trapped dressed atoms



Temperature Lifetime

Imaging cold atomic gases



Atomic species brought to degeneracy
Composite boson/fermion:
Overall integer/half-integer spin

More on Fermions and Bosons In Today‘s lectures

199519982001200220032005200920112012



ultracold.atoms
magneto-optically trapped Sr atoms (461nm)



Trapping frequency

Imaging cold atomic gases



Cooling & Trapping: evaporative cooling dynamics

truncated
Maxwell-Boltzmann

distribution

energy per particle

After cutting, wait for elastic collisions to re-equilibrate the system at a 
lower temperature

„cut“ trap

η = cut-off 
parameter

More on collisional properties tomorrow in Hanns Christoph‘s lecture



optical molasses in 3D

3D viscous confinement
(but no spatial confinement)



magneto-optically trapped Sr atoms (461nm)



Sr and Li: two-species MOT (461nm and 671nm)



Laser cooling
✔Large capture range
✔High atomic flux
✔Fast cooling rate

Cooling techniques



Laser cooling
✔Large capture range
✔High atomic flux
✔Fast cooling rate

✗Ultimate temperature limited by the photon 
recoil
✗Spurious heating mechanisms at high spatial 
density
✗Degraded performances in optically thick 
samples
✗Phase-space density limited to 10-6...10-4 (with 
exceptions)

Cooling techniques



Laser cooling Evaporative cooling
●Generally applicable in conservative traps
●Removal of most energetic particles
●Elastic collisions among remaining particles 
to insure thermalization at lower temperature

✔No fundamental limits to the ultimate 
lower temperature
✔More efficient at high spatial density
✔Proven method to enter into the quantum 
degenerate regime

✔Large capture range
✔High atomic flux
✔Fast cooling rate

✗Ultimate temperature limited by the photon 
recoil
✗Spurious heating mechanisms at high spatial 
density
✗Degraded performances in optically thick 
samples
✗Phase-space density limited to 10-6...10-4 (with 
exceptions)

Cooling techniques



magneto-opically trapped erbium (583nm)



magneto-optically trapped atoms



strontium cooling transitions

singlet triplet

strong line
λ = 461nm
Γ = 2π × 32 MHz weak inter-

combination line
λ = 689nm
Γ = 2π × 7.4 kHz

TD = 770 µK
amax = 1.0×106 m/s2

TD = 180 nK
amax = 160 m/s2

atomic beam slowing
and MOT precooling (mK) deep Doppler cooling (µK)

extremely
powerful



BEC by laser cooling !

experiments continued in the
Schreck group in Amsterdam



landmark: sub-Doppler cooling

very interesting story: “Sisyphus effect” in laser cooling 



Sisyphus effect in laser cooling

position

energy

Recoil limited Rb: TR = 362 nK



Cooling lines in lanthanides: erbium

https://www.uibk.ac.at/exphys/ultracold/projects/erbium/energyspectrum.png



Cooling lines in lanthanides: dysprosium
Figure from Lu et al., PRA 83, 012110 (2011)

Dy example



Nobel prize in physics 1997

Vladilen Letokhov
(1939-2009)

pioneer of laser cooling
who didn‘t get it

Doppler cooling even 
much more powerful
than understood at
that time



RG in Troitsk (1991)



why does a Zeeman slower cool?

𝑣𝑣

-F
in decelerated
reference frame

inertial force
∝ ∂B/∂z

stable
point

friction force
F = - β (v-v*)



remarks

about 55 mins., ~ 10 min too long

MOT restoring force explained at the blackboard

introduce Isat to show that it contains hbar
(friction is classical)



Cooling & Trapping: light shift + light forces

So far, we have neglected the light shift (or ac Stark effect) on the atoms.
What we have done is introduce the dissipative forces simply by hand.

But that is only half the truth!
For the derivation of the optical Bloch equ‘ns above we have assumed

for the electrical field of the laser light. 
We have neglected any position dependence of the light field.

In reality, we should at least assume that

This is ok if we assume that the atom is infinitely heavy and that hence the
photon recoil (in absorption and emission) plays no role. 
Evidently, this cannot be correct.

Here,    is the position operator for the center-of-mass motion of the atom.



Cooling & Trapping: light shift + light forces

Or, even better:

a polarization that can vary
in space as fast as given
by the length scale .
(quite often it does not 

vary at all in space)

an amplitude that varies
in space, sometimes as

fast as , e.g. for a 
standing wave (but not 
faster), and that has a 

slow time variation.

the usual sinusoidal
dependence, but not only
on time, but also in space.

some phase, 
which might

depend on time,
usually not on

space.

Note: Think of a Gaussian beam and the obvious extensions thereof (e.g.
interfering Gaussian beams)



Cooling & Trapping: light shift + light forces

For now, let us assume that the field has the simple form

What is the force on the atom?

Now,                            with only as

Thus

Further: We are only interested in the averaged steady-state values:

as a function of

Note: separation of times scales! Fast internal, slow external motion.



Cooling & Trapping: light shift + light forces

Hence

Now

and

O.E.  

Thus 

Now remember and

(the fast oscillating terms are averaged away)

(in the oscillating frame, check)



Cooling & Trapping: light shift + light forces

Thus 

I.e. 

with

and (compare)



Cooling & Trapping: light shift + light forces

Let‘s have a closer look at

In the limit we have

withThus

Conservative force !!!
Thus, in this limit we have (with IL the light intensity)  

but for the scattering rate 

Comment: This is the basis for a large fraction of the modern cold atom exp‘ts



Cooling & Trapping: magnetic trapping

Low-field seekers would need a 3D minimum for
High-field seekers would need a 3D maximum for

How can one generate a trap? (without the help of other means, see below) 

In general, one finds that

, i.e. 
Earnshaw‘s theorem
for magnetic fields

As a consequence, there is no trap (in free space) for high-field seekers.

Proof:

Now:

because

Thus 

(both terms in the brackets vanish)
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