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The experimental path to quantum degenerate gases

Typical experimental sequence :

® catch atoms in a
magneto-optical trap

® |aser cooling to ~ 50 uK

® transfer to conservative trap
(no resonant light): optical
trap or magnetic trap

® evaporative cooling to BEC

Take a picture of the cloud.

Repeat
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The magneto-optical trap : general principle

Atomic structure :

® Jg=0— Jo =1 transition

® magnetic moment p in state e

Cooling + trapping in one dimension
by the combination of

® Two counter-propagating beams
with frequency wy,, wavevector
Fky,, polarizations ot

® inhomogeneous magnetic field
B(z) =bz

Weak saturation s < 1: the o=-polarized beam (with wavevector +kj,, respectively)
exerts a radiation pressure force on the atom, with a detuning

bz
Otr, =0LF (kL'U+ #T) .
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The magneto-optical trap : general principle

The ot -polarized beam with wavevector +kz, drives the [mg = 0) — |me = +1)
transition. Effective detuning:

b’ b
O4ky :WL*kL'U*weg*%:(SL* (kLerth).

For the other beam with wavevector —kj, driving the |mg = 0) = |m. = —1)
transition,
'z

b
5_kL =0 + (k}L’U+ T) .
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Doppler cooling in the magneto-optical trap

For weak saturation s < 1, we add the forces exerted by each beam independently (as
done for optical molasses),

Thkr, Q2 1 1

2 rz2 s r2
202\, T T

Fiot =

For |krv + ub'z| < |6L|, we have

~ 2
Fiot & —Mav — Mwyorx

B Isohk? —25, 5 _ Isohk? —26;, b’
T M 2.2 “mMoT T Ty o T2
M 62 + 1= M 62 + 1= hkr,

® Viscous damping for 6, < 0 (red detuning), with a friction coefficient a

Doppler (and sub-Doppler) cooling exactly as in optical molasses (near the
center, where the Zeeman shift is small)

® Harmonic trapping for 61, < 0 (red detuning), with a frequency wyioT
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The magneto-optical trap in 3D

MOT configuration in three dimensions :

® Three pairs of counter-propagating
beams with frequency wy,, wavevector
Fkr, polarizations o %

® inhomogeneous magnetic field created
by two coils with opposite current

, o~ ot
—b'x
B~ |-y - v
2b' 2
o
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Magneto-optical trap for large atom numbers : light reabsorption

Spatial distribution:

;E2
s kgT
n(x) =noe *™or,  Ryor =4[ —%—
Muwyior

This predicts R ~ 50 um, much smaller than what is experimentally observed for large
MOTs (N > 107 atoms).

Reabsorption of spontaneously emitted photons :

A photon emitted spontaneously by atom (say 1) can be be reabsorbed by another one
(say 2), with probability % = ?;7;‘%’; [with opeabs is the reabsorption

cross-section].

Mean momentum transfer during
a time At > T~ L

Cab, - "Atom 2
Ap = Fi_ oAt = FspAt4 —

7I'T12

hkrei2

Long-range force mediated by
spontaneous photons.

Atom 1
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Reabsorption force: analogy with plasmas

Oabs

2
Anri,

Fy o =Tsphky el

Equivalent to a Coulomb-like force between two charges q1 = ¢2 = g, with

q2
L s Dk Oabs.
€0

T. Walker, D. Sesko, C. Wieman, PRL 64, 408 (1990).
A. Steane, M. Chowdhury and C. Foot, J. Opt. Soc. Am. B 9, 2142 (1992).

Electrostatic analogy in the limit of a continuous medium.

® |ong-range forces also strongly affect the MOT dynamics, which is non-linear.
Analogies with plasmas : self-sustained oscillations, Coulomb explosion after
release [L. Pruvost et al., PRA 61, 063408 (2000)] ...

® Absorption from the MOT beams also play a role: it adds another contribution to
the radiation pressure with the same form as the reabsorption force but opposite
in sign [J. Dalibard, Optics Comm. 68, 203 (1988)]. The overall force is normally dominated
by the reabsorption part [Walker et al., PRL 1990].
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Magneto-optical trap for large atom numbers : equilibrium shape

Equilibrium shape of a MOT in the regime of large reabsorption:

Assume uniform density in a sphere of radius R. The problem is then mapped to the
one of a uniformly charged sphere with charge density p = gn.

Gauss theorem: Coulomb force :
_ P qpr nlsphk O absT
B(r) = 30" Fooulomb = 3¢, %er =nCre
10
- %’E/
Equilibrium, neglecting the viscous force : E }Aﬁ,ﬁ
Fcoulomb + FMor =0 £ ‘E,a/f“"
= 10" ’C
_ mwior | 200L0 pb g ’
"t T T2 iie 5 '
2 T abs 4
P % - &,a
Typical values : o : i i i : '
n ~ 1010 at/cm3, R ~ mm 10° 107 10° 10° 10° 10'

number of atoms

A. Camarra, R. Kaiser, G. Labeyrie, PRA 90, 063404
(2014)
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Dipole force

2
WL s YV s 2L

Fyip, (r) = —usthVQr(r) = *7 1+s QL ) 1+s

2
2+ %
Properties of the dipole force :

® Fy;p, vanishes on resonance,
® Fyip negligible close to resonance as compared to radiation pressure Fyp,
® conservative : Fyj, = —VU(r), with the dipole potential U given by

U(r) = MTLln 1+ s(7r)]

For a standing wave : Ej = Fgcos(k-7), ¢, = cst, the dipole force is given by
hé
U(r) = TLln [1+ s0cos®(k - )]

The potential is periodic, trapping atoms at the nodes or antinodes of the standing
wave depending on the detuning (basis for optical lattices, covered in the last part of

the course).
Redistribution of photons between the < and — propagating waves by stimulated

emission.
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Far-off resonance optical traps

Dipole potential for large detunings : 45, > I', Q1 or equivalently s < 1

hops(r) _ hQ3(r) K02 I(r)
2 46, 80p Isat

U(r) =

Interpretation as a position-dependent light shift of |g):

® 07, > 0 : repulsive force (atoms are
repelled from the intensity maxima),

e

ns | Lho ® 07, < 0 : attractive force (atoms are
nor . . .
R ! attracted to intensity maxima).
| |
I I
I I
_hep i . .
2 1 —na ® Residual spontaneous emission :
A 1
le) ! o — s o U
' sp— <~ — < ¢
Y o 2 ér h
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Gaussian beams and dipole traps

Actual laser beams have a Gaussian
transverse profile. This creates a dipole

potential energy of the form
—92 7—'232112

z2/zr

U(r)=-Uo
Potential map

1+ (%)

Harmonic trap near the bottom of the potential (particles with energy < Up):

1
U(r)=-Uo + Z 5””‘*’2@%
To=T,Y,z
4Uy 2Up w
—_— W, = = —w.
? Mz?? V2zR “

Typical example for Ytterbium atoms
® P=10W, w =50 um ® Uy~ kp x 700 uK
® 5~ 10°° ® w./(27) =~ 1.2 kHz

® [ =2MW/m? at focus ® w,/(27) =~ 3Hz

® Aeg = 399nm
® )\ =532nm
® §p =—2-10"Hz
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Loading a dipole trap fi a MOT

Single beam dipole trap (side view) :

piege dipolaire

e magnéto-optique
(relaché)

t=100 ms t=300 ms t=600 ms
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Elastic collisions

Atoms coming close together interact (short-range interaction potential). The result of
the collision process allows us to distinguish two types of collisions : elastic or inelastic.

Elastic collisions :
® Redistribution of momenta on a “collision sphere”, conserving total momentum
and energy.
p1+p2 — Pl + Ph

1 1
W(P% +p3) — m(l’? +p%)

® Thermalization of trapped atoms, governed by the rate of elastic collisions :

Yeoll = MOcol1Vth

® n: spatial density
® ool collisional cross-section

SkgT .
® vy = \/ =2 : mean thermal velocity.
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How long does it take to thermalize 7

Leu=0

A

focan=1

® Numerical simulation of the Boltzmann equation
(assuming ergodicity) [Snoke and Wolf, PRB 39, 4030
(1989).].

(relative units)

L =R
® A few collisions are enough to relax to the
quasi-equilibrium distribution.

n(E)

® Thermalization time = a few collision times ”/;jl'

fpear=4

/

1 2 3 4 5 6 7
particle energy (kgTo)

o
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Elastic and inelastic collisions

Atoms coming close together interact (short-range interaction potential). The result

of the collision process allows us to distinguish two types of collisions : elastic and
inelastic.

Inelastic collisions : reactive collisions changing the atom internal state
® collision with hot atoms from the background gas (with energy ~ 300K)
® reactive collisions changing the internal state of the atoms
® two-body collision with a change in internal state
p1+p2 — 10’1 + Py
ﬁ(pf +p5) —

oM (Pl + p2 ) + AEinternal

® three-body recombination to a molecular state (binding energy E,, < 0)

p1+ P2 +p3s — Pg + Pm
/2 2

fM(pf+p§+p§)—> +

2(2M) = Em
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Lifetime of trapped atoms

Inelastic collision processes typically produce atoms with energy much higher than the

trap depth.
) ) 10! . ‘ —
Trap losses described by a rate equation: 0 ey T E
G E 3 1
=— yn = gen® — gn® T Pl LR 1
~~ N—— 5] T : e S
background two-body three-body & e e ———
g -2 0.0 0.2 04 0.6 0.8 1.07]
1= 1 o
g 10 sty E
n: spatial density =l - E
< B
Ym,: rate for m—body process 102 I I | I
0 5 10 15 20

71,2,3 < Yeoll to have (approximately)

. . Hold time (s)
ergodic behavior.

Figure from Matthias Scholl's PhD thesis

Ultracold atoms can be considered in equilibrium only in a kinetic sense: The true
thermodynamic equilibrium state of the atomic bodies are all solid at sub-K
temperatures.

In this sense atomic gases are only metastable systems from a thermodynamic point of
view.
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Quasi-equilibrium in a

Consider a gas of atoms held in a trap (potential U(r)) of finite depth (say Up).
Atoms with energy lower than Ug stay trapped, atoms with higher energy escape.

After a few collisions times, the gas equilibrates (in a kinetic sense) to a truncated
Maxwell-Boltzmann distribution. The phase-space density f(7,p is given by
1 721\41;«2 Tfli]“"])“@ U, p2 U
TP)= ¢ ‘B ‘B —— =U(r) ).
frp) = o (0o - 2 -ven)

© is the Heaviside step function.

Verified in experiments and in numerical solutions of the Boltzmann equation [e.g.
Luiten et al., PRA 53, 381 (1996)].

2
Ergodicity: f depends only on the mechanical energy of the atoms 2= + U(r).

For a harmonic trap U(r) = %MWQ’I‘Q (approximation valid for energies < Up),

1 h 3 Nw? kpT kpT
—=N[—-—] =00, x 5 Ry = 50 Vth =\ ——
Z M Rinven T Mw M
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Principle of evaporative cooling

Atoms trapped in a potential of depth Uy, undergoing elastic collisions :
® two atoms with energy close to Up collide
® result: one “cold” atom and a “hot” one with energy > Up

® rethermalization of the N — 1 atoms remaining in the trap results in a lower mean
energy per atom.

E

Evaporation parameter:

U
n=-—-% ~8—11
kpT

Evaporated atoms have an energy
~ nkpT': evaporation proceeds from the
tails of the distribution.

Rate of evaporation:

® fy,: fraction of atoms with energy > Up = nkgT. For a Boltzmann gas,
fn o< /me” M.

® atoms with energy ~ nkpgT have a velocity o< /7]

Yev ™~ '7(:011776777 < Yeoll

More details in: W. Ketterle and N. J. Van Druten, Evaporative cooling of trapped atoms, available from the
Ketterle group website.
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Simple estimate of the efficiency of evaporative cooling

Step-like model of evaporation: each step N - N —dN,T — T —dT
We write the mean energy lost by the evaporated atoms as —dE = (n + x)kgT, with

U
n:i~10
kT

and k ~ 1 the “excess energy” with respect to the trap depth.
Mean energy before the collision : E = 3NkgT.

Mean energy after evaporation:

E—dE=E — (n+rx)kgTdN

Mean energy after thermalization:
E —dE = 3(N —dN)kg(T — dT) ~ 3NkgT — 3kgTdN — 3NkgdT

We get

AN dT T Np\©
m+r-3""=32 — (—f)=< f) L a=TTE o3
N T T; N; 3

Losing a factor 10 on N cools the sample by a factor ~ 100 — 1000 !
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Scaling laws for evaporative cooling

For a fixed trap frequency w and a gas in quasi-equilibrium, the spatial density n, the
phase space density D, elastic collision rate 7o scale as :

N Nw? N1-22
mpeRy, S T

Nuw3
— 3 1-3
D = nAy, i N-—°¢
Nw
Ycoll = NOVth X T ~ Ni7e

a > 1/3: increase of the phase space density of the sample.

« > 1: increase of the collision rate.
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Forcing evaporation

Nuw? 1_3a
n o« T3/2 N2
D Ni‘*’ ~ N1-3a

T3

Nw3

Yeoll X T ~ Nl_a

Practical problem : reach D ~ 1 before loss processes set in.
Rate of evaporation o 7.o11me~" must be much faster than the lifetime of the sample.

Forced evaporation : decrease trap depth as the gas cools down to keep 7 roughly
constant (~ 8 — 10). Scaling laws are T'  Up and

3 2—3a

Nw
2a
T3/2 "~ Yo

n X

Nw
D x T3 U,

Nw3 1—o
Yeoll X T ~ U() >

Best scenario is to reach the runaway regime: evaporation at ever increasing vco11
(a > 1). Feasible in magnetic traps (see Appendix).
Detailed optimization can be complicated : it must also account for background
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Evaporative cooling in optical traps

The trap depth U is varied by reducing the laser power, since Up o P.
However, the trap frequencies also decrease, as w VP x /Tp.

The spatial density n, the phase space density D, elastic collision rate 7,11 now scale

as
n o< ;YTU;E NUOé
D x NT—O;S NUOé_%
Yeoll OanTuﬁ & UoéJr%

Therefore, in optical traps, the collision rate never increases and runaway evaporation
does not happen.

Fortunately, the collisions rates after loading from a MOT are high (a few thousands
per second, typically). The rule of the game is then to optimize the initial conditions
and the “trajectory” Up(t) such that one reaches D ~ 1 before the collision rate has
dropped too much and evaporation stops.
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Example of evaporative cooling “trajectory”

10' E T T T TS 10% = ; . :
= 10° E ’ 3 FE-¥ v E
E i sy r S 7]
‘g E i o:xy F .
510'E | al 4 S 10k o .
= E E o E E Y 3
o 2 F 3 E o E
g 10 E o8 {1 3 o]
@ - E | = -
= = I 3 ﬁ = =
R i E g ] i
s [ | it I L] -1 | | 1 |
10 10
0 1 2 3 4 0 1 2 3 4
Time (s) Time (s)
10° E T T T E F T T T 3
; | T el | |
L 107 g _ 20 3
g 1z | ELbr
- I - — 3 I o, 1
§ 10° £ 04 s 310 f 5t
< 10’ L I ':"‘“E = 10° : =
E i 3 £ i ]
104 L 1 L 1 L] 10! [ 1 1) | L]
0 1 2 3 4 0 1 2 3 4
Time (s) Time (s)

Figure from Matthias Scholl's PhD thesis

Blue triangles: single beam DT; red circles : crossed dipole trap
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Complement on magnetic traps
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Magnetic traps

Zeeman Hamiltonian in a non-uniform magnetic field B(r):

Umag = —m - B(7)

Assuming that the internal states can follow adiabatically the change of B as the
atom move in space,

(F,mp|Unag|F,mr) = grmp|B(r)|

Maxwell equations tell us that |B| can only have a minimum.

If gpmp > 0 (low-field seeking states), the potential energy is minimal where |B| is:
this results in atom trapping near the minimum. Atoms in high field seeking states
with gpmp < 0 are expelled from the potential.

NB : The state |F,mp) is defined in a local reference frame, where the local
quantization axis is given by the direction of B.

Quadrupole trap :
field created by two coils with opposite
current

—b'x
B~ |-by|,
2V’ z

|B| = b' /22 + y2 + 422
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Adiabatic theorem

Quantum adiabatic theorem : Slowly evolving quantum system, with Hamiltonian H(t)
Instantaneous eigenbasis of H: H(t)|¢n(t)) = en(t)|én(t)).

Time-dependent wave function in the {|¢n (¢))} basis:

(W) =Y an(®)e o o6 (1)),

From Schrddinger equation, one gets [wmn = eém — €n] :

an = —(@nldn)an(t) = Y e H o et G 14 am (1),

m#n

® Berry phase : <¢n|q5n) = —iyp is a pure phase. Wavefunction unchanged up to a

phase evolution after a cyclic change.
® The adiabatic theorem : for arbitrarily slow evolution starting from a particular
state ng (an(0) = dn,ng), and in the absence of level crossings, an(t) — dn,n,

(up to a global phase).

Adiabatic approximation for slow evolutions and initial condition a,(0) = On,ng:
Qan (t) — ei’YB (t>5n,n0

Validity criterion :
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Adiabatic following of a spin 1/2

Adiabaticity criterion for a time-dependent field B(t):

(em - 5")2 _ (uB)?

‘(¢>n|H|¢m>‘ ~uB < - = R rmors OF —5200%
Wearmor

Here wrarmor = uB/h is the Larmor frequency quantifying the angular velocity of the
spin precession around the magnetic field axis.

Adiabaticity criterion for an atom, described classically, moving in a static field B(r):

. u|B(r)|?
H=—m Bl = (LBl =1 v) B < 1200
® spin-flip transitions to untrapped states near the minimum of | B|

® result in atom losses,

® mostly affect the fast atoms.

Majorana losses is a major issue in a quadrupole trap since min(|B]|) = 0.
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loffe traps

Biased quadrupole trap (loffe trap) :

—b'z |B| = \/b’Q(x2+y2)+(Bo+2b/z)2
B = —b'y
2 /2
Bo +2b'z ~ Bo + b2(2? + y?) + 20z + ; 22
0

Harmonic trap with frequency wg,wy > w;

Typical values :
® By~ 1—10G [1G=10"%T],
® ' ~ 100G/cm,

® wr; = wy ~ 27 X 300 Hz,
wy ~ 2w X 30 Hz.

B(2)/By
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Gallery of magnetic tr

Atom chips:

“Cloverleaf” trap :

BEC in a "cloverleaf" magnetic trap

Rf antenna Gradient coil

Curvature coil Bias field coil

e

Ketterle group, MIT
http://cua.mit.edu/

® Macroscopic trap :
[~1—10cm,
I~ 100 — 1000 A

® kW of electrical power to
dissipate (water cooling)

abrice Gerbier (fabrice. r@lkb.e S

ylvain Nascimbéne

Reichel group, LKB
http://www.lkb.ens.fr/-Atom-Chips-Group-
® “Microscopic” trap: [ ~ 0.1 —1mm, I ~ 1A
® |ittle power dissipated, compact
® chip problematic for some applications

® usually modest vacuum level

Many variants for both designs (practically one per
experiment ...)

(nascimbene@



Evaporative cooling in magnetic traps: radio-frequency evaporation

Forced evaporation: Up(t) decreases in time (in a controlled way). Optimizing the
evaporation trajectory is done by controlling the atom lost by the evaporation process
via the trap depth.

In magnetic traps, this is achieved by radio-frequency evaporation : a radiofrequency
field is applied, inducing transitions from a trapped state to a non-trapped state for a
given energy hwys = Up.

mp =0
T

mp = +1

1
Usually n = Ug/kpT =cst. Then, the scaling with trap depth is T' ~ Uy, N ~ Uy*,
and

1

Q=
wlw

1 1
1_g3 1_
nn~ Uo , D~ an Yeoll ~~ an

Optimization can be done (usually experimentally) to reach the runaway regime.
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[llustration of evaporation in magnetic traps

0 400f§
107
N 300k
Q 10 . \j; 200~ °
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6 .
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F. Gerbier, PhD thesis
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