i ¢ 2001 E. Cornell, C. Wieman, W. Ketterle

Posp =N, = n(h/\/zyzmAkBT )3
P> 2.612
T-.=100 nK, n=10%/cm3

(BEC)



Optical Imaging

| incident(X’y) Itransmission(xiy)
’ L)
nearly-resonant probe lens
light

Itransmission (Xa y) — Iincident (Xa y) eXl:)(_gabsn(xa y) L)

1 |
—N(X, y) = log(

transmissi on (Xa y))
O-abs L I Incident (Xa y)




Optical Imaging

| incident(X’y) Itransmission(xiy)

N

nearly-resonant probe lens
light

Atc+)O|;n number .
N — J‘n(X’ y) dedy — _L Ilog( Itrans.missi on (X9 y))dXdy
-0 o

abs —owo Iincident (Xa y)
Temperature Time-of-flight measurement
2 2 ‘
M (Gﬁnal - cyimitial) |
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Magnetic Trap

1~300 A
B’~200G/cm

B’~160G/cm?

0),~200 Hz

0 ,~16 Hz



|loffe-Pritchard Magnetic Trap

Clover leaf trap (Ioffe-Pritchard trap)

0 0 X
00000@ L
> 0 ’

X +y’

B =(-bx—-B"zx,by + B'zy,B, + B'(z* - )

2

2 2 2
x+y)+b

Bl~B, B2~ 2B,

(X*+Y?)




Evaporative Cooling(

. - U:low
C)ca oo 0® \ o .0,
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0988 = easy — —\M

N: large Thermalization N:small

T: high ( T:low

n: low n:high
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Evaporative Cooling(

o L P
g - average energy of atoms / Evaporation™ & = 1+ p)xe
in trap —dN
&y : trap depth
— gev
= : truncation factor
N :total atom number in trap
g' : average energy of evaporated atoms

from trap E = N& :total energy of atoms in trap

Only evaporation considered for atom number loss

—dE =—-Nd& —&dN =&'dN = (1+ B)dN
dlne

dinN - P

dinT
dinN

i

For 3D harmonic trap: & =(3/2+3/2)k, T =3k,T ——



Evaporative Cooling(

loss other than evaporation also included

dN|,,

d_N — _i d_N — _i — Tloss
N o TlOSS , N i Z'ev dN ‘ ev + dN ‘ loss z-Ioss + Tev
dinT T p
dinN 'BT,OSS+TeV =/
If N>>1, then (O)
dN _ & Eq, n : peak atom density
N, = ~NN(0)o(-2 ) exp(~-220) e
t KgT KgT V=(—2 )1/ 2 : average atom velocity
1 1 g g 1 m
_ ev exp(— —& L _
Tov o (\/EkBT Jexpl KeT - T, n(O)ﬁVG
If & #gy— dInT &, 7, N2kT e,
= (= -D+—° —exp(—25))"
dinN g Tioss ey KgT

, 1 .
‘ d;IL'fIF\)IS 2 =3 p +1 % = -1>0 (runaway evaporation)




Evaporative Cooling(

T =1T.

“Evaporation”
o

¥RV

Bosonic Stimulation: R oc N ... x (1 + N )
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Atomic BEC

1995
1998

2000
2001

2003
2005

8’Rb, ’Na, 'Li

85Rb
41K

133CS
52Cr

174Y'b



N
S JURENY =H¢(I’,)
=1
single-particle wavefunction ¢(r) Normalization: J‘ dl" ¢ (r)‘z _1

— Condensate wavefunction: “order parameter”

"N = [drjo(nf

®(r)=N"2g(r)  n(r)=|o(r)

OE(D",D)— uN(DP",d)=0 :chemical potential

h’ 2
S o AV RO )OM) = a0y, = TR
m m
“Gross-Pitaevskii ”
as a.>0:repulsive( —

a, <O:attractive( —

‘N<N



BEC Thomas-Fermi
:UCD — (_ %Vext —I—UOCDZJCD

Ho :( ext +U0n(r))CD

" n(r) — (lu _Vext)/UO

Ve (1) n(r):

-0
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-

transmission

U= 67uK

thermal cloud:
T=0.9 uK

0
[

d
«

TOF time /ms

U=2.2 pK
BEC




BEC in Thomas-Fermi regime: o, =®, = @, >> @,

1 _ M 1_( r z° j _ 21
e I FEORCRT G022

d (t
Erp (1) = d Et;
a)z t—o0 2 a)r

Wy




Atom Chip: Quantum Simulation:

Atom Laser

BEC-BCS Crossover:
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BOSON vs FERMION

BOSON: kB TC:h\) (N/1.2)1/3 FERMION: kB TF:h\) (6N)1/3



BOSON  vs

FERMION
INn Evaporative Cooling

“Evaporation”

coII|S|on

o = 872‘61S

collision

=0

Gcollision

Bosonic Stimulation:
R oc x(l +

|n|t|al

\

R oc

Pauli Blocking :

I\Iinitial X(l - I\Ifinal)




BEC+Fermi

Bosons Fermions

BOSON & FERMION
O o

Fermi pressure




Atomic BCS

Te = 1K, ke =1/1um, a, =~ 1nm




Feshbach Resonance

Coupling between “Open Channel” and “Closed Channel”

C
-~ [Controlofay =.(e)-a,

_BO
: ‘r\_ % s
< It \é/‘ ’ /
BEC Bosenova)
Molecular BEC

BCS
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BEC — BCS Crossover

T/ Ty w 1%

Psaudo-gap

~ 18 a8
sessssasnss?®’e ~ "
Ta .
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L
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Vortices in BEC-BCS Crossover of °Li atoms

[M. W. Zwierlein, et al, Nature 435, 1047 (2005)]
6Li: T/Tz>0.1~0.2
“definitive evidence for superfluidity”

BEC side -
B=745G 766G 792G 312G

833G 343G 853G 863G

» BCS side




Atomic Quantum Degenerate Gases

Bose-Einstein condensation

'"H *HE L
231\1a 41K 85Rb
87Rb 133 Cs
174Yb 52CI‘

Fermi1 degeneracy

Molecular BEC

°Li K

*Na

T e

BCS




Cs BEC

Cs “BEC”


http://exphys.uibk.ac.at/ultracold/csmols/csmols.html
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