Lecture 2

Evaporative cooling
Bose-Einstein condensation
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Evaporative cooling

Atoms
inside the trap

I .
Trapping
potential
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Plain evaporative cooling

allow the gas to thermalize at a fixed trap depth

T~=U,/7

Maxwell-Boltzmann distribution
forT=1mK
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Forced evaporative cooling

dynamically lowering the trap depth
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Temperature vs. atom loss

Figure of merit:

__ In(TyT)
~In(N'/N)

Atom number

typically a factor 10 lower temperature “costs” a
factor 10 in atom number: a =1
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Phase-space density vs. atom loss
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Speed of evaporation

(a) 10-3 gl — )
] I . .
| _ collision rate
. I, =n(ov)
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<V> _ 16k T mean relative velocity
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(b) 100 == O = 87Za2 | . .

__ = elastic cross section
ER P (T->0 limit)

- if 7_increases: :

» ., a=scattering length
i runaway evaporation

10°°
() 18 good collisions / bad collisions
N
E 0.5 / \
e I 0 - . . .
- _ elastic two-body collisions  * collisions with background gas

* inelastic two-body collisions
¢ w0 * inelastic three-body collisions
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Lifetime of trapped ultracold gas

n=-Ln-Ln°-Ln’°—...

— L, : background collisions
— L,:spin exchange & spin relaxation
— L;: three-body recombination
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Evaporative cooling in ODT
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Evaporative cooling in magnetic trap
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Evaporative cooling in magnetic trap

i

‘He* (my=1)

Rb (F=2, mp=2)

 (mm)
MW knife on F=2, m:=2 -> F=1 ,m=1

.. o reduction of trap frequencies ”?



Elastic cross section

Pu (12 26V (1) v(r)
dr2 h™ = 7‘12- - w(r) =0

k=2uE/h
ug(r) ~ Ay;sin (Af'f' — Zg + 5!)
L & B+B: even /
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a>0

repulsive

Scattering leng
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Borkowski et al, PRA 2013
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Bosons vs. Fermions for T->0

g B+B: even |
(E :—ZZ (20 + 1) sin? §; F+F: odd /
=0 X+X':all
identical bosons: s-wave scattering (/=0) o =8’
distinguishable particles: s-wave scattering (/=0) o = 473°
identical fermions: p-wave scattering (/=1) ococT?

How to do evaporative cooling with fermions?
— Different spin states (Zeeman or hyperfine) <¢ _
— Different isotopes (e.g. °Li with “Li) ° 1072k
— Different species (e.g. ®Li with Na) :

-13 — el : ; . P

. . 10 10 100
sympathetic cooling T (1K)

DeMarco et al, PRL 1999 55



Sympathetic cooling
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Bose-Einstein condensation

Tomparature T:  BOS€ 1924, Einstein 1925:

thermal velocity v 1 [ \
oty 3 macroscopic occupation of \\

siliard balls'  the lowest energy level

(a) BEC

Temperature T:
De Broglie wavelength
Adg=h/my o= T-12
"Wave packets”

Agg=d

=0:
Pure Bose
condensate
n)\?lB > 1 "Giant matter wave"

Wieman

Anderson et al,
Science 1995
Davis et al,

PRL 1995

57



Condensate Fraction

Theory of BEC (Ideal gas)

(a) BEC

1 \

N :izNi :Ze(gi_ﬂ)/kBT 1 \\

u: chemical potential

&
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U< &, N \®Z

T—->0, #—>0, N;—>N (trivial)
1
but for KeT >>¢ —&, Noe =D T 7 < N ?
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Mewes et al, PRL 1996
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Interacting gas

2
(_h_vz +U (F) + g‘w‘z}// = uy Gross-Pitaevskii equation
2m
2
_ 2 .1 2,2 2.2 2_2 _472% a
n(r)_NM U(r):Em(a)xX +o)y + o)1 ) g= -

(a) Vir)

(U () + g‘w‘z )V = uy Thomas-Fermi approximation

-~k (neglect kinetic energy)

2 U (r
‘W‘ _H (r)
| g
® n(r) 2 2 2 1 2R?2
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Interacting gas

n N
(@) (r —_~
vir) x2 yz 72 0 g
» n(r)=ny| 1- 7RI RE .
X y z “mo’R’ = u
2 | |
inverted parabola
e Nu 87
- jn(r)dr -N=H R.R,R,
® 15
: —\6/5 215
(m@ " (15N) = s
0= 3/5 w =\w,0,q,
h 87a
compare with thermal gas:
- X2 - y2 - Z2 s
o2 202 20° D2 k.T
n(r)=n.e “7 *7 *% n, = N| 2% o, = |2
27K T Mao,

Gaussian distribution



Velocity (cm/s)
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BEC's

(a) BEC
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Sr, +>°Cs, Dy,
168 168,170,174,176
Er, Yb

Periodic Table
of Elements

VIiE YliE ——WYIl—— IbB IE

Malug ve ve

FTrCm T § T T B I R

{ Flf Ha|106 107 108109 110

first: Rb, Na (1995)

| CI B2 |63 |64 |85 67 Tl

*Lﬂ.nth&md&liﬂ 59 |60

Series Ce | Pr |Nd Sm| Eu| Gd Dy Tm ‘I‘b) Lu Iatest: EI’ (2012)
+ Actinide |90 1 ez Joz Joa Jos  Jos oz fo2 Joo fioo fion [ioe fio2

Series Th|Pa | U

62



BEC for a>0 and a<0

h° _ 4 e
[—%V2+U(r)+g\w\2}//=ﬂw g=—@

m

-U(r
I ORI}

BEC with a<0 not stable (only for small atom number)

L -28a,
23Na +55a,
85Rb -388a,

8’Rb +98a,
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Quantum degenerate mixtures

g =91a
Bose-Bose mixture:

: G = 780 g, e
three scattering lengths: a,,, 0,,, a;, A=1.72 -

MH

4
| @, = 51 a, (1
< 3l " 3\
2 ml + I‘T]J g l‘lll"\l 2
g” — 272% a” - 8 5 _ "N. ."". \ (b) %
mlm g o) IJI.'I||" ’ﬂ
J () [\ (l E
E |' -' I'
£ 1 | \/ |. .g
J O e 6 0 200
2 _ 12 position (um)
01:>0,02,>0,0110,,>0;, |A=——=>1 N ar i
011922 | a,, =780 q (f) |
o 3| ~\\
- L @
(] o)
S . 3
: | E
Example: &Rb+8’Rb (Papp, Pino, Wieman, PRL 2008) £ 3l | ©
% | 2 N
0.,,=+990,; 0q- .-=+213a,; a.. varied (Feshbach resonance N il I ..
87 07 ~85-87 07 =85 ( ) %00 00 0 100 200

position (um)



Early key experiments BEC

Interference between two BEC’s

0.5 1
Absorption

Andrew et al, Science 1997

Atom laser

Bloch et al, PRL 1999

wuwt 7
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Early key experiments BEC

Vortices in rotating BEC's Abo-Shaeer et al, Science 2001

Rofov(:(,ng Flurde

superfluid

Normal Quantum

Fluold 66
website Ketterle group



Lowest temp

erature

A B V(2 AfS
gl_%l = A\
U N
| \\
=K c Vv
| r it
.

o N O

Integrated Optical Density

200 400 600
Position (um)

450280 pK !1!

Leanhardt et al, Science 2003 67



Early key experiments BEC

Superfluid to Mott insulator transition for BEC in optical lattice

Via(x) = Visin®(k x) k= 2m/A, Greiner et al, Nature 2002

~ ‘ !‘ L4 '0..‘“‘”,

»
>
w
»

K

.
w

Bose-Hubbard model




Quantum gas microscope

Bakr et al, Nature 2009

Weitenberg et al, Nature 2011 69



BEC in micro gravity

ZARM Drop Tower \ van Zoest et al, Science 2010

QUANTAS
- 110 m drop height
- 4.5 s drop time ‘
( >9 s planned for the catapult) BEC on atom Ch|p
- 170 km/h end velocity
- 50 g deceleration during 50—
recapture T 40+
- Micro-g level: 10% & w0 Drop capsule
-10"' mbar vacuum g 20+
giE St [ day g 15 Laser optics and electronics
% Moo ‘_:-r —o0s == o Controllers for vacuum
Z/\ chamber and magnetic fields

B /\
f n(x)
N n(z)

e sl \ —"

Vacuum pumps

173 cm

Vacuum chamber with MOT
and chip-BEC

Board computer and power
supply

<
~a
z [mm]
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area density (10'> m®)

(@)

Laser cooling to BEC

Stellmer et al, PRL 2013

e strontium

* Doppler cooling below 1uK on
narrow transition

* dimple trap, protected from laser
cooling beam by “transparency” beam
* no evaporative cooling!

()

reservoir

z J
u gravity cooling light
y l-—9x X 18

(c)

enerqy

t=160 ms

reservoir removed

18 18 6
b
Vo t=20ms t=160 ms
0 0 0
__15 15 25
E 2.0
o
z 10 10t
= 1.5
‘@
c 1.0
8 5 5t
g 0.5
£
-0 0 0.0
-1.0 -05 0.0 0.5 1.0 -10 -05 0.0 0.5 1.0 -1.0
x'(mm) x'(mm)

-0.5

00 05 1.0
x'(mm)

“transparency” (b) — SS1
beam A
688 nm | “transparency”
4.4 MHz transition

dimple 5
P cooling
transition

light shift by
+— “transparency” beam

¥~ reservoir
< dimple
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Degenerate Fermi gases (DFG)

(b) Fermi sea
\ /
\—(}O—}‘ E=KkT.
\ 83 / @ spinT

@ spin !
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Experimental signature of DFG

T=810nK TM=1.0

T=510nK

T =240 nK T/T =0.25
2.5 T T T T T T T T T
Truscott et al, Science 2001
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