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What Is evaporative cooling?

In the Office: In the Lab:
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Evaporation in the Lab

e = 10.2uK et = 9.8uK et = 5.1uK e = 4.1uK

T = 1.8uK T = 1.7uK T = 820nK T = 630nK
N =19 x 107 N=19x10" N=09.9x10° N =5.9 x 10°
et = 8.9uK e = 7.9uK e = 3.1puK e = 2.2uK

T = 1.6uK T = 1.5uK T = 530nK ; T < 500nK

N =1.7x 10" N =1.5x 10" N =4 x 10° . N =1.7 x 10°
€t = 6.9,U,K 4 €t — 5.6/LK €t — O.9NK €t = O/JK
T = 1.3uK - ' T =1.1uK T < 500nK R T < OnK

N =1.3x 107 ; N =9 x 10° N =1.1x10° N =0x10°

K. Dieckmann, Thesis, University of Amsterdam (2001)
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Outline

@ Thermalization of an ultracold gas

@ Model of evaporation

@ Efficiency of evaporative cooling
» Speed of evaporative cooling
» Influence of loss processes

& Conclusion
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Outline

@ Thermalization of an ultracold gas
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Thermalization of an ultracold gas

Elastic collisions in a dilute and cold gas

Q »Dilute gas
K —> only binary collisions
4
AN K, o .
»Elastic collision of two particels
‘ /‘ - Exchange of energy and momentum
2
. K »S-wave cross-section and collision rate
o — 8mra?
14+k2a?
o = 8mwa? for k20?2 < 1 Zero — energy limit
_ 87_‘_ - 2n2 T . .
o= for k4a“ > 1 Unitarity limit
T -~ = NUyO

»Thermal Equlibrium:
- Ocupation number (for Bosons)

) = (oo (f4) —1)
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Thermalization of an ultracold gas

Numerical simulation of the thermalization

illl tt“_"'o

»Starting with an uneqilibrium
e.g. f(K)=1f, o (k-kp)

»Probability for bosons with wavevectors (k1 , k2) to

P N

scatter to (k3, k4): Lg =1
Ql ke e ) — s
S(K1,ko kg, kyq) = o
M?25(ky; + ko — k3 —ky)6(Eq +Eg —E3 —E4) =
< £(kp)F (k) [1 = F(kg)][1 £ £(ky)] < =2

» Scattering rate into/ out of state with momentum Kk:

n(E)

Fin(K) = [ d3k1d3kad3k3S (K, ka; k3, K) —
Cout(K) = [ d°k1d%kod k3 S(K, k1, Ko; K3) j

»Equlibrium: ' |
Only 4 collision events necessary 0 1 2 3 4 5 & =
(harmonic quadrupole trap: 2.7 collisions) particle energy (ksTo)

D.W. Snoke and J.P. Wolfe, Phys Rev. B . 39, 4030 (1989) Davis et all., PRL 74, 5202 (1995)
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Thermalization of an ultracold gas

Measurement of thermalization

Mesurement principle

> Density of a thermalized Radial direction Axial direction
sample

In a anisotropic harmonic
tran ( (T :‘-‘ a \ | /o et S

n = ng exp { B k(QO- )2 + (Qg- )2 + (2?, ) >} ? x[AU] ’ 2 y[ﬁ?.U.] 1 ‘

» Elongation of the cloude ) \ Y S— 0 =

along one axisleads to oszillation (IAU) yIAU]

along this axis \\ /

> Elastic collisions distribute N T - - <

the energy to all degreas of . _—

freedom \/

> Thermalization when th L N R B S R

x[AU] . . AU] )

ermalization when the aspect Blue: Potential with an asﬁect ratio of 2:1

ratio reached his original Red: Densiti distributions aloni two axis



Thermalization of an ultracold gas
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Thermalization of sodium atoms in a
guadrupol trap with an aspect ratio of 2:1

Aspect Ratio
o o
o o
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7= 1s for n = 5x1019 atoms/cm3
7= 13s for n = 4x10° atoms/cm3

Neffov = 2.7/T

o= (6.0+3.0) x 10712cm?

o = 8ma?

= a = +(92 + 25)ag

Davis et all., PRL 74,5202 (1995)
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Thermalization near a resonance

Zero-Energy resonance in 133Cs
In F=3 m=+3

Feshbach -Resonances

E B I’ | :I | ]
closed channel (@)] | = -
v, iCJ tgo 5000 :,/ . abg 1
______________ g) ; 0 ¥ B ®E = & -l " ®E ®E =E B
T 5 2 Y
g8 ~-5000F | :a=0 —
V. (R) N B ] ” - | | | ]
50 O 50 100
> Magnetic Field [G]
0 Atomic separation R
M. Lee et all., Phys. Rev. A 76,12720 (2007)
C. Chin et all., arXiv 0812.1496v2
al(B) = a» (1 AV R
\ ) Whg\ + B—By/




RUPRECHT-KARLS-

UNIVERSITAT

Thermalization near a

S )
x 0 ~ v, =
-5 25000 I’ : a=0 —\ ~
B | 'l - | | | a Iin/
50 0 50 100 g
Magnetic Field [G] S
o = 8ma? =

50

=o0=0 fora=20

B(G)

V. Vuletic et all., PRL 82,1406 (1999)
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Thermalization near a

..ﬂ.

Thermalization in the unitarity limit

o(k) =%

k™' = Ngen = [4kpTm/(xh?)]~1/?
Collision rate now depends on the relative velocity: ~, = 128nh2/vM2
Monte-Carlo simulations: 10.7 collisions instead of 2.7 needed for thermalization

Messurement of
the thermalization

Temperatur dependent
Cross-section

2,64
2.4 2,57 ]
’ T 0l o0 > 5 x 10~ 11ecm?d
o 2,0r _
0] 0 50 100 ’ :'o I |a| > 2600,0
g 20 = 1.5 =
Magnetic Field [G] g s ~
g o100
1,61 18 I
1,41 = 03]
e 0,0 - - L, ¢ . : .
0 10 20 30 40 0 10 20 30 40 50 60
Time (s) Energy/k; (LK)

M. Arndt et all., PRL 79, 625 (1997)
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@ Model of evaporation
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Evaporation in the Lab

e = 10.2uK et = 9.8uK et = 5.1uK e = 4.1uK

T = 1.8uK T = 1.7uK T = 820nK T = 630nK
N =19 x 107 N=19x10" N=09.9x10° N =5.9 x 10°
et = 8.9uK e = 7.9uK e = 3.1puK e = 2.2uK

T = 1.6uK T = 1.5uK T = 530nK ; T < 500nK

N =1.7x 10" N =1.5x 10" N =4 x 10° . N =1.7 x 10°
€t = 6.9,U,K 4 €t — 5.6/LK €t — O.9NK €t = O/JK
T = 1.3uK - ' T =1.1uK T < 500nK R T < OnK

N =1.3x 107 ; N =9 x 10° N =1.1x10° N =0x10°

K. Dieckmann, Thesis, University of Amsterdam (2001)
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Model of evaporative cooling

Truncated Boltzman distribution

02
0.15" ] ’]7 p— Gtr
=) kBT
% 01r 1 Truncation parameter
;_:005— ’r] — Ctr
| kBT
I 00 g E/KbT °
Evaporation rate: N (Bey
— Nuntruncated \ & >¢€tr
> [ev = ol
N(E> _
> (Nﬁtr):2€ n /,'7/7.[.

O. Luiten et all., Phys. Rev. A 53, 381 (1996)
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Model of the evaporation

Temperature change:

Remove atoms with potential energy

Etr — 77]€BT Decrease of the temperature

The system looses the energy

. . 107 3 ® temperature
E = (n+1)NkpT | o e 5%

Total Energy of the system: 0

E=3NEkgT

— FE =3NkgT + 3NkgT

—~ % — ._é (77__ 2)% :

I _ (i)ﬂf e R —
Ny !

atom number, N
a=5(n—2)

temperature, T (K)

K. Dieckmann. Thesis, University of Amsterdam (2001)

O. Luiten et all., Phys. Rev. A 53, 381 (1996)
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Model of the evaporation

Density and phasespace-density behavior:

N = ngVe Increase of the phasespace-density

Ve — fe_U(T)/KBTd:ST’

—

(=]
[=]

T

10"
ng —N_ Ve mﬁ_ 102 L
~ e - N V. S
s 107k
@ — ﬂ — §I E 10° '
~ng — N 2T ] .
9 10'5_. .
no — lig _ N 2 0ok .
=4 no 2(4 77)N g i .,
© 10 3 o
10'3- ) PR | ) R | ) PR
_ 1E-6 1E-5 1E-4 1E-3
Phasespace density D (for BEC: D=1) temperature, T (K)
D —= no)\3 K. Dieckmann. Thesis, University of Amsterdam (2001)

A = /272%/(2mkpT)

= D — (3N
D 1)

==

O. Luiten et all., Phys. Rev. A 53, 381 (1996)
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@ Efficiency of evaporative cooling
» Speed of evaporative cooling
» Influence of loss processes
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. oss Processes

Collisions in an ultracold sample

Loos Mechanism for n=nggc

" L B s ) T LA T LA B |

“Good collisions”: Elastic collisions
- Thermalization

[e] = nov

Collision time(s)

“Bad collisions”: Inelastic collisions
- Loos of atoms

. Inelastic one-body collisions
- Collisions with background gas
I_Bg ~ P
. Inelastic two-body collisions
— Dipolar and spin relaxation

[ opody ~ 1
. Inelastic three-body collisions '

— Three-body recombination - Y
2 10 10 10
["3body ~ 1 T(K)

W

m—— glastic col.
—3-body recomb.

--=-= dipolar relax.
~=mmembackground gas

Collision time(s)

W. Ketterle and N. J. van Druten, Advances in Atomic, Molecular, and Optical Physics 37, 181 (1996)



RUPRECHT-KARLS-

UNIVERSITAT
HEIDELBERG

Speed of evaporation

Change of the elastic collision rate:

Limit for Runaway evaporation

d(zgv)/nav = % % — Tli-ss In a harmonic trap
| | 1000
= %_I_%%_ Tl?)-ss 800
:l zl\?]]\\r;T . :
n T NT2T ™ 200
d(va)/ nov = Ogvl B Tli-ss) I X ‘ o

Truncation parameter M

—> Elasitic collision rate increases
for el > R _ . (,Runaway Evaporation®)

Tloss

W. Ketterle and N. J. van Druten, Advances in Atomic, Molecular, and Optical Physics 37, 181 (1996)
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Efficiency of evaporative
00liNg

Maximizing phase-space density Calculated Phasespace density

Increase
Increase of phase space density

2

(per 100 elastic collisions)
1.5
_ d _ 100 (a—1 1 1t
8 =100m & (logioD) = 4% (252 — —L—) P
0.5}
0 4 6 8 10
Efficiency of evaporative cooling: Truncation parameter 1
Calculated efficiency parameter
Efficiency of one step: af = - '
parabolic potentiales
___d(nD) _ o 1 . /.-—_-...\ 7il Tioss
V= Tad(nN) T I+N/R “~. |=5000
Y 4 .
Efficiency of the whole process: | =1000
_ In(D¢inai/Dinit) | ‘ N
Ytot = In(Nfinat/Ninit) 4 6 8 10 =200

Truncation parameter T

W. Ketterle and N. J. van Druten, Advances in Atomic, Molecular, and Optical Physics 37, 181 (1996)
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Efficiency of evaporative cooling

Evaporation in an optical dipole trap

Evaporation of Cs atoms in an optical

Problem: trap at different truncation parameters
Lowering the trap depth also decreases e i o BEC .
. JOF@) | o L eett -1
the collision rate P A ffir'-""”' ! Red:
E-"D?’J. 77=46
; . 10_25' :O0 { —t 3 —
Solution: Saoofe | 1 vy=1.9
. . . . @ - . i 4
Evaporation via a magnetic gradiant e AN P J Black
é 100 L ?O.OOOOOQQODO _ 77 — 65
3 o 3 : : : } i v= 3.4
g E.op%é%. .
R I R
£ X : 000 e .:
s : % .
{ 105 1 ; " 1 L 1 " 1 " 1
-1 0 1 2 3 4
Evaporation time (s)
DT
16s 20s | 2.8s

>
=
w
[ o
@
D1
(1]
O
2
o
o

C. Hung et all. ,Phys. Rev. A 78, 011601 (2007)
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@ Thermalization of an ultracold gas

n(E) (relative units)

@ Model of evaporation

@ Efficiency of evaporative cooling
» Speed of evaporative cooling
» Influence of loss processes

Truncation parameter T
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