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Li spin mixture ,.é‘
"Li ground state in a magnetic field
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Feshbach resonance

prediction:
M. Houbiers et al., PRA 57, R1497 (1998).
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°Li, molecules in a thermal gas
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reversible crossover to a degenerate Fermi gas
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°Li, molecules in a thermal gas

Jochim et al., PRL 240402 (2003)
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three-body recombination ,.é‘

molecules made by collisions
three atoms
&

body
Process

atom
(Ekn =
2E /3

large positive scattering length
U(r) and last bound level h

km -
E. = 2/(ma?) S/

molecule

v P (binding energy E,)




weakly bound level
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large positive scattering length  weakly bound molecular state
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molecule formation
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S. Jochim et al.

1 PRL 91, 240402 (2003)

C. Chin & RG
cond-mat/0309078
(classical gas)

B=690G:
mol. bind. energy E, = k;x 18uK >> therm. energy kT = k x2.5UK
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long lifetimes !!!
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30 | ~a_ 2N_ (690G)
— " E'm
E .H.“““.H&-‘x& .
o 4., o |loss ratecoeff
S10F N, (e%0G) "3 ~ 3 x 10-3cm?/s
= - ~0—0—0"C~o—0_ TR
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c ~o—g '
e I '\ o ‘“*gf:i { see also
S 3r 2N ,(545@) { Cubizolles et al.
© | 1 | PRL (2003).
loss rate coeff. g fffi
=~ 10ems f W R
0 10 15

time (s)

explanation {Petrov, Salomon, Shlyapnikov, cond-mat/0309010):
Pauli blocking in inelastic molecule-molecule collisions
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resonator-enhanced dipole trap >§‘

efficient loading needs large-volume deep trap

« resonator set up at Brewster's angle
« 130x enhancement of a 2 VW Nd:YAG laser (1064 nm)

« 1 mK trap depth for Li

high reflector photodiode Far off resonance:
R=0.9995 AW S5 Li 670 nm
fused silica cell (3 kHz) trap 1064 nm
-> only ~0.5%ton
scattere;::l\ per/ gcond
MOT
\V
UHV
air
/6.53 Hm I oad
/! (2 MHz) up to ~107
input coupler R=0.994 ato ms
(~10¢ per welf)
Mosk et al. Opt. Lett 26, 1837-1839 (2001)
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optical trap for evaporative cooling @“ s

U special feature #1

magn

P | P/ECIS€ COntrOl

of laser power
10 W — few 100pW

special feature #2: axial magnetic confinement
- spatial compression at very weak optical traps
- perfectly harmonic I! v, =
- precisely known trap frequency for weak optical trap 24 S5Hz @ 1kG




first evidence of BEC
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reduce trap depth in 2s by four orders of magnitude !

number of quantum states for molecules

number of quantum state for atoms

5

trap particle (10° atoms)
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S. Jochim et al., Science Express, 13 Nov 03

quantum
degeneracy !

very long
lifetime of (~20s)
—>
thermalization
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in-situ images of the molecules @‘

evaporation time
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axial profiles —» phase transition >§‘

partially almost
condensed pure
4.0 ; =
= (a) (b)
\ 7
.% 2.0 excellent
k5 starting point <
& ! for further
= experiments
0.0 FEuman=nr sguasos —_thf:f)-"r-T
-300 0 300 -300 0
position (um)
final trap power 28mw/ 3.8mw
number of molecules  400.000 200.000
temperature 430nK few 10nK
condensate fraction ~20% >90%

lifetime 40s !
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how to condense these molecules
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BEC — BCS crossover >§‘
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molecule§ crossover ¢ooper pairs
strong coupling weak coupling

iu'nu: -anticipated sbomic soup might Ly bave the innesr workings of high-temperature superconductors, neutron
s, o primaedial maiie

Ultracold Atoms Spark a Hnt Race

hman Lo

Tango or twist? In a magnetic field, atoms in different spm states can form molecu!es
(left).Vary the field, and they might also form loose-knit Cooper pairs.

high T . superconductivity, neutron stars,
SHe superfluidity, nuclear physics
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exploring the crossover >§‘

Bartenstein et al., czfond-mat10401109
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exploring the crossover "é‘
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exploring the crossover >§‘

Bosons = Fermions
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exploring the crossover ,.é‘

Bosons = Fermions
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loss, reversibility 7 @“ :I
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reversibility ,.é‘

e BEC —51s— Fermi gas —1s— BEC
o BEC after 2s

~ 1.6F
= I
S 12 ooy :
o L Qg &
< 081 il % =
| ¥ -4 e
> 4 .
B 0.4} f % :
L i )
L1h]
© 0.0 ol —— prommTem—e :
@ 0.05 F -
£ 0.00

-0.05 F - ; i . .

-400 -200 0 200 400
position (um)

very good news: crossover reversible and lossless !/

T/Te = 0.04 in Fermi gas limit Carr et al.,cond-mat/0308306
for 90% condensate fraction in BEC limit
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cloud size —» Interaction energy xé‘
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cloud size — interaction energy
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BEC limit
with
a., = 0.6a
(Shlyapnikov
prediction)

universal
many-body
iInteraction
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Integrated over x and y TF profile in unitarity limit (Fermi gas)
p(z)= po(1- 2"/ 23 )"
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o — theoretical data from

! | Camerino group

E 08 | Pieri, Strinati et al.

s O] sizevs. excellent agreement
ost  1/Kea for N = 2.3x10° atoms
A a— — (instead of 4x10°)
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microwave / rf spectroscopy
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"Li ground state in a magnetic field
(m)
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microwave / rf spectroscopy
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"Li ground state in a magnetic field
(m)
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binding energy xé‘

; E\N Feshbach resonance data published in
it O'Hara et al., PRA 66, 041401 (2002)
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binding energy curve modified according to
MIT resonance position {cond-mat/0403049)



Ultracold atoms
quantum gases

Innsbruck 6Li story @

°Li, molecules in a thermal gas

how to condense these molecules

reversible crossover to a degenerate Fermi gas ji

_where exactly is the Feshbach resonance 7

3 ; collectfve excrtatfan surpnses
2 ‘”7‘5&»"" ' *




theoretical expectations
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Stringari (cond-mat/0312614)

radial compression mode expected to show
very interesting behavior !

3.5
\ molecular BEC
\beyond m. f.

0)/ O)J_ ‘m\ y:
expected -

Fermi ga|
with m. f|
1.5
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measured
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cigar-shaped trap
v. =735(10)Hz, v, = 22 Hz
axial

0 | 2 3 4 5
time (ms)

radial mode 5x more sensitive to eq. of states
FPitaevski & Stringari, PRL 1999
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axial coll. excitation Q“

frequency 20‘ “““““ ! "““""‘i GD“iSin’IiBSS limit |
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radial coll. excitation
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-

2.2 - beyond m.f.
frequency 5 0' correction
38 | opposite
o 18] sign ??7?
1.6+
1.4+ :
* ] ' | M
-2 -1 0 1 2 3
E=ka J10/3=1.83
expected
In unitarit
gl imit
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radial coll. excitation
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2.2
frequency

I

Q

damping 0.6
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do we observe the transition
from superfiuid to collisionsless
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size measurements of strongly interacting cloud g
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conversion into Fermi gas reversible
size measurements of strongly interacting cloud

Feshbach resonance position 7
¢ f spectroscopy yields interesting data
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BEC of °Li, molecules
surprisingly simple to make it
essentially pure and very long lifetimes

excellent starting point for BEC-BCS crossover |

conversion into Fermi gas reversible
size measurements of strongly interacting cloud

Feshbach resonance position 7
f spectroscopy yields interesting data
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| beyond mean field correction — opposite sign 7
G transition from superfluid to collisionless 7
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