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1. Optical forces
- light pressure, orders of magnitude, comparison with Coulomb
forces in ion traps, classical model - spontaneous and dipole forces

2. Deceleration of atomic beams, gas cooling, optical molasis

3. Magneto-optical traps,
- detailed mechanisms (loading, repumping, etc.)

4. Temperature & density limits
- subDoppler cooling

5. Dipole traps
- magnetic and optical, optical lattices (main characteristics, loading,
comparison with other traps)
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History

+ 1600-1900: Keppler Newton, Maxwell, Lebedev
* Lebedev — light pressure on macroscopic objects

* Einstein (1917) — atomic/molecular gases thermalize in light-field
» Compton (1923) — role of recoil in electron-photon scattering
* Frisch (1933) — first observation of atomic-beam deflection by light

Laser Era: —- « 9
* Ashkin (1970) — proposed acceleration P . i
and trapping of neutral particles || ‘ i .
« exp. (1972, 73): Cologne, Orsay —_— | l? =
i

— deflection of atomic beams L z

o 200 300
Position of detactor, n macrons (arbirary orga)

3
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lon traps vs. atom traps
N
. o ‘ N\
atom (_%
traps EC B
.r’I -
light pressure & dipole forces
el-stat. & el-magnet. forces (optical & magnetic)
S\l /
4
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How do we cool atoms?

Principles of cooling and
trapping of atoms by
laser light —

Nobel 1997 —  gchy, c.cohen-Tannoudii, W.Phillips

Atomic-beam deceleration by photons:

5
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Ap =Y hk™ + hk" = Nhk, +0
sodium atoms (M=23, L = 590 nm)
nT @ v=600m/s

e
after absorption of 1 photon:
Av = hk/M = 3 cm/s

nT =20 000 photons will stop atom
L possible @ | = 6 mW/cm?

N

P

I
~—"

I
/\
l>‘l>l
\/

Il G

stopping time: 1 ms
stopping distance: 0,5 m
decelleration: 10 m/s2
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Optical force - clasical model
Atom in EM field - Lorentz model

Forces .
1) Coulomb c

2) Lorentz F - _axz§>=_<gx§§>=<gx(vXE))=<v(azz~)_ (@v)E)

total: F=F.+F, =<V ﬂE)>

=
oy
=~
iy
P2l
!
=
o
Uy
<
2
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—»i i
~N
QY
Il
g,

harmonic
E(F,t):%[é(?)ei“’+E*(F)e’i“”], A1 = T[d(r)e“’”+d e |
= F=(v[d-E)ev(daE) d=e,0E @y =a, +ix,

_ —ip (x,,x)
E=Ee

dipole force light pressure force
(spontaneous force) 7
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Quantum model: s
(02 +

d:eOdE |d|2 r/z
QZ

"5+

ay =0, tik,

Uy
o511

S(r) _ZQZ(F)_I(r)

o= nky (é‘ — k- )@ /2)Y +1+58(r) S(r)—?_T
r VvV S(r)

kT2 +1+ 8()

Force depends on light frequency in the moving atom frame

Doppler effect = velocity dependence
1) problem with atom-beam cooling

2) possibility of atom-movement manipulation 8
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Special cases

Light linearly polarized along x, E=¢é {I(x,y,z)/g,e ™" ; intensity |=¢ | E|?

F :%aXVI—KXIqu

a) plane running wave E=¢E, &k I=const=I; VI=0
¢=I€-E; V¢=E

F=-x1,Vp2hkUn,

b) plane standing wave E = éxEO(ef’;‘f + *l’”) I =1, cos?kz; VI = kI, cos(kz- n/4)
¢ =const; V=0

F =%axVI 2 hE&necos(kz—ﬂ/4)

periodic dependence on z

exp. evidence of atomic-beam /‘H‘Bﬁﬁh 'ﬁwg

diffraction (channelling) —
[V.l. Balykin, et al. Opt. Lett. 13, 958 (1988)]
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Slowing down atomic beams

Doppler effect — modifies the resonance conditions

resonance condition: o, + k-v= o,
e %

When @, ®yconst, slowing down is limited —

2 methods:
variation of laser frequency variation of atomic vao’ aws
laser frequency chirping resonance frequency
(V.S. Letokhov) Zeeman slower
(W.D.Phillips)

10
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Laser frequency chirp
Chopper I L

Deceleration Chirp L1
Detection Gate —"—"-

Prabe Chirp /

compare with...

danaity of stome {asb. unite)

»

[ V. Balykin et al. Sov.Phys.JETP 53, 919 (1981);
W. Ertmer et al. Phys. Rev.Lett. 54, 996 (1985)]
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Zeeman slower
[W. Phillips and H. Metcalf, Phys. Rev. Lett. 48, 596
J. Prodan et al., Phys. Rev. Lett. 49, 1149 (1982) |
i ]
Roughing el -
Electromagner
primary chamber differential pumping " cell " secondary chamber

Adjustment of the magnetic field
— choice of max. decelerated velocity v,,, = max. distance

N I C RO =

O(t) = Uy —at max @, = kv,
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Atom gas ?
. AT
— two counterpropagating laser beams o T
(B L

(same freq.; o, < @,) v

® @, frequency
=] |= =] [« >

atom ,sees” Doppler - shifted light frequency

+ For o <a,, Doppler eff. tunes atoms to resonance with counter-propagating
beams — each beam exerts decelerating light-pressure force

» Deceleration = cooling

» Absorbed photons have smaller energy than the reemitted ones

@ < ®, - cooling 13
A=, Naodo
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net force - optical molasis

force | = &

= /\ k k
_(//_—S Sr—}—»

i) 8 / sz
\./(Z
zero force for v=0

yviscosity” — OPTICAL MOLASIS
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Trapping

F=%axVI—KXI Vo

for plane standing wave F= F g, periodic dependence F;,.(z),

- no dependence on z,
= trapping impossible!

for plane running wave F=F

d trapping requires

/ \

dipole forces + spontaneous forces and
spatially inhomogenous beams -
— dipole traps spatially inhom. saturation

» static magnetic fields for
tailoring k(r) = MOT

15
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How to trap cold atomic gas?

B(z)

[J. Dalibard]

= position-dependent force:

INNOWACYINA GOSPODARKA R

HARDDOWA STRATEGES SPOUNDSECI PO REGIOMBSLNE GO

Projekt wspdtfinansowany ze Srodkéw Europejskiego Funduszu Rozwoju
Regionalnego w ramach Programu Operacjnego Innowacyjna Gospodarka




jj‘. Natzndﬂwe
4s Laboratorium
. .ﬂ.u aboratoriu

Technologii
44 h
Kwantowyc
i INNONACHIN GOSPODARKA i e [
Realization of a MOT in 3D
[S.Chu]

S
a; o

= velocity- and position-dependent force:

Cooling: Trapping:

force force

2

3 1 s /0 kv _-w pz

F(Vz) o« -V,

4= Nasodowe
INNOWACYINA GOSPODARKA 274 Lbortorum €LROPE S FUNSE
HARCOTWA STRATIGA SPOINGECH L’-‘;‘;‘mm" ROZWOU REGIONALNEGO

MARDDTWA STRATEGLE EROUNDGLI PO REGIOMBSLNE GO

H INNOWACYINA GOSPODARKA R

Projekt wspdtfinansowany ze Srodkéw Europejskiego Funduszu Rozwoju
Regionalnego w ramach Programu Operacjnego Innowacyjna Gospodarka




a2~ . Narodowe

- dds |aboratorium
Technologii
Kwantowych

INNOWACYINA GOSPODARKA 272, B o
NARCOOWA STRATLCA, SPOINGECT ‘ﬂ ‘ﬁ'amm'f(h ROZWOR REGIONALNEGD
A i noa
yr Il — I i
U 0 E— v V0 *
S e
== =9 =l -
" f % (- —F )
aomo[J[IIT -l = 4? | jn ! E%v
wi o e Y oo P
® 1 =
L ¥l mig "y dmetar
BT o 4= dosamey
| 20 N il
L =
= =Y Y
| 3 e <= umm]ml IZ
- — P!
3 i
@ LJ‘ €? E;r% ¢‘ A0M2 ; x
W A I
== S
- U L =l
i e P —-
(T e 3 S
[ Hm ==

Ip
I
i
S5
i
‘?

a4

= | [ 19
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Doppler theory of a MOT
m=+1
0 Ja=1
(1D, beam interference neglected) a
LVt - ot
notation: @,= 0yt 04(2) Jg=0
F hkl’ i B2
= =[n.,(6+kv, +g2)-n, (6 —kv, —g2)|— = fv.+ 0}z
m m
damping constant/viscosity coefficient trap frequency
o g ow
ﬂ 16 rec a)zzﬂ— g:_B
( 5"+ ()2 +Q2/2f Tk oz
_ he’ Yij
rec 2m02
ok 10 sk v,
- maximal damping B =—17k* @ Q=5, 5=T)/2 2
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Number of trapped atoms
real atom (e.g. 8’Rb) — escapes to other levels (to F=1)

é} Jrepumper” necessary 2 Tk
N ’ " O —
N,=R-rN,-T'N,+I"N, o —lidker
N, =-rN,-T"N,+I'N, ) repyihper
R = capture rate \
r = rate of collisions with hot-atom background i 14
G = depumping rate T .
G' = repumping rate 1 \
. +T" r \
stationary N, =R% N, =N, -
r(r +I"'+T ) r+T°
typical values: 5 (F=2¢ F'=2)~20T I ~T /1600
= " ith Q = F
Sy (F =165 F'=2)=0 "~T/2 w
res! [">>T">>r I(Rb) =27z -6 MHz
typical R = 1089 s! yields N, ~108-
21
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Temperature limitation?

Spontaneous emission — 2 mechanisms:

. 0 0 2
Cooling [ ] g, =POoP_Ppp 2Py
e

ot “mot m'om
Heating;:
1) stochastic direction of spont. em. stochastic recoils accelerate atom

— diffusion (Brown movements)

N=n,Tt N=n,Tt

pi(t) = Z hk; = ﬁl(t)z = Z hziiij = nehzkzrt
=l

i,j=1

2) granular nature of absorption (shot noise) # of abs. acts= NxAN, AN=\/N
different atoms experience different momentum transfers = broadening of velocity distrib

p, ()= hkAN = hk~/[N = p,(1)* =nh*k’Tt

0 D

total change of kinetic energy after time t: [EJ E,==— D=N, -nh’kT
. m

dif

22
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Doppler temperature
equlibrium cooling — heating:
) o
—| Ept|l=—| Epn=0= E=— =
[(% PR CID 2p
RXCROMI=
Kt =2 - 2 2) ar|le - N (54 571)
k 4d ls|T 4d

L r Qy N oy
minimum @ |5|=?}1+2[F) L v ’HZ(F) nr

r
for 6 beams, 3 deg. of freedom, with Q—0:  k,7,;, —> hz

(Na: 240 pK, Rb: 140 pK)

@ the model includes neither light interference & polarization nor real atomic structure

(d —# of degrees of freedom)

23
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Atomic density limitation ?
2 limiting regimes of a MOT:

1. Constant volume regime @ small density p 0= p,e

= atomic cloud radius @ 1/e

2k, T
e m wZ

v

20,7

* independent on N
« density pyoc N

radiation trapping

@y

k

em

when N grows, p, &

2. Constant density regime

« atomic density = const, independent on N,
* cloud size R, < N

K
ILO-L (O-R _0-1_)

pO,max =

Prax ® 10112 at/cm?

T, =T (1 + 2sn23N"/3),

24
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Atom traps
- principles & realizations

Wojciech Gawlik

_.—’:@ ZAKEAD part II
s~ FOTONIK]
(3@ CENTRUM BADARN

g

a
v FAM

MT BECGROUP

& ENP
Fundacja e rzecz Nauki Palskie; WWW,if,ui.edu.pl/ZF

25
Part | resume:
* Optical forces
a) origin of the optical f.
b) dipole f.
c) light pressure (spontaneous or Doppler) f.
» Application of spont. f. for decelearation of atomic beams
» Application of spont. f. for cooling and trapping of atomic gas
*  MOT realization
a) basics
b) typical conditions performance
+ Limitations of a MOT
a) temperature (Doppler temp.)
b) density (radiation trapping) K,
o
Aem
26
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Examples of a working MOT

N =~ 10¢ atoms of Rb#®>,

T ~ 100 pK
& L

Temperature measurement
@ T=~0.0001 K %&

ey

V... ~ 30 cm/sec

atom

[ T. Brzozowski et al.
J. of Opt. B (Semiclass. and Quant. Opt.) 4, 62 (2002) ]

O time of flight

27

Hatodowe
i Laboratorium
A4l Tochnalogs
Ad¥  xwantowych

UNIA EUROPEISKA
EUROPERSKI FURDUSE
ROTWO REGIDNALNEGD

43

H INNOWACYINA GOSPODARKA
NARCOOWA STRATLCA, SPOINGEC)

Examples of a cloud dynamics

after switching off the quadrupole magnetic field with slightly misaligned beams

100 ms 600 ms

50 ms 600 ms
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Example application - our route to BEC

Magneto-optical trapping in MOT1
T =300 pK, N~ 108—10°

Transfer to MT,
collection in MOT2
diff. pumping (10-° mbar —10""" mbal

|
Magnetic trapping (magnetic dipole trap)|
evaporation of the hottest atoms, |
colisional thermalization
T~100nK, N~ 105- 108

i

29
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Transfer of cold atoms

* why?

upper MOT:

many atoms — vacum 10 mbar
lower MOT:

vacum < 10"V mbar

* how?

light pressure force
— pushing beam

* problems?

geometry of differential pumping
(distance ~0,5 m, cappilary ?5 mm, L12 cm)

atoms blown out from the top MOT
are recaptured in the lower one

30
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Diagnostics of cold atoms (in detail Michal Zawada)

1) shape, size of atomic cloud <« imaging
a) distructive
b) non-distructive
2) #of atoms <« fluorescence, absorption
3) density « from 1) & 2)
4) temperature
- time of flight measurement
- trap oscillations
- recoil-induced resonances
5) momentum distributions < spectroscopy
6) local intensity of EM fields <« spectroscopy
7) dynamics / quatization of oscill. movement in optical lattice « spectroscopy
8) diagnostics of cold-molecule formation (photoassociation) «— spectroscopy
9) diagnostics of quantum matter «— imaging

31
i R PR 5 1 . : |
A S
Examples of spectroscopic diagnostics -
- optical lattices k
180-6
160 pK 96 uK 75 uK 62 uK

. . . ) L. L & [MHz]

N , Raman transitions between vibrational levels

ﬂ*“. 1st harmonic 2nd harmonic
i

Robust 1D optical \ / \ /
(captures100 pK ¢ - \

Iy \

7 =

/
I

created by blue-de Y 108 7
160 MHz) retrore o, 19 -0
pump (300 pW/mi
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Optical forces:
d=Tr(p,D) Er, t)=8&r)
r) - Fsp —spontaneous, dissipative forces (light
V E(r) - F4 - dipole, reactive
V €(r) — polarization gradient
light pressure forces -
occur with plane waves,
dipole forces - require xy -
inhomogeneous light field N\,
v A
(1] V\Z
o /\
33
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Dipole forces - classical picture
®< o, (8 <0) - induced atomic dipole moment oscillates in phase with the field J e
= atom attracted to the field maximum .
(electrostriction with classical dielectric, €>1)
®> o, (8 >0) — induced atomic dipole moment lags 180° behind the field *!
= atom expelled from the field maximum
(no analogy to electrostriction — no classical dielectric with £<1)
34
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Dipole forces - quantum picture

El(z)

cost |e) + sing g}
/H/

« atomic energy levels are modified E ?
by EM field s
- the modifications depend on local | =~ "~""~"7°
field intensity \:&Ezm
cost [g) - sind |e)
- Z
spatial coordinate
ho
force = n\VE,(z)+n,VE,(z2) =-VU U(z) =71n(1 +5(z))
2
S()=t 2
25 +(r/2)
35
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Cooling below Doppler limit (sub-Doppler cooling)
_ 400 \ -
% 300 \/ observed Interpretation: mg=-3_;:é_ —1/2 17f2_ ;!E
é 200 : i 1 -‘SS 1/3 1
é’ o model atom with Jg=1/2, J.=3/2,
g 1% TV 2 bems linearly polarized linLlin,
oA red detuned (& <0) mg=-1/2 +1/2

Detuning (MHz)

« Interference ? resulting light polarization
position-dependent

* Selection rules =

—state couplings polarization dependent
—light-shifts polarization dependent
—opt. pumping polarization dependent

« Spatial correlation between light-shifts & optical pumping;
opt. pump. populates most shifted Zeeman sublevels

Sysiphus cooling, polarization gradient cooling

36
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Recoil limit

» when U approaches recoil energy, U —» E,, the model fails,
atoms stop and oscillate in potential minima

T T KgT—= Ejo

rec’

» atoms are ordered in periodic structures — optical lattices

« for deep lattices, atoms trapped at some lowest oscillatory levels

37
Nondissipative optical potential - dipole trapping
Fspontzhkrne - 1 Fspontz]/ 52
o>l = noec— =
Fdipol ~ hkd n, o FdiPOlz 18
high intensity 7 and detuning & causes large light shifts while atomic excitation
(and dissipation by spont. emission) is negligible, n <<1
— atomic trapping possible in nondissipative dipole traps
@[} initial sub-Doppler precooling necessary
The simples trap
— tightly focused, far red detuned (6<<0) laser beam
typical parameters:
+ power: some W g ol
+ detuning: ~100nm o
« focussing: below 100pm 8l ——
- trap depth: ~100pK i -
- scattering constant: 1 s Esaquainlhnsi E02 o et )
38
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Real atom - multilevel structure, complicated potentials
0.010 [yt e
El(z) :“ : |
cosh [&) + sini g 1 oY
ny 0.005 [, '
......... 3 it i
| 1,
E) ? < 0000 ;“ )
......... 'qu |':_: i i -
I I L .
_\sz{:] ~0.005] || n
CO8A |g) - Sind | ::: :: : i
I Wl
- z ~0.010 _Jlﬁl n L L L " " L
Al oAt 10 15 20 30 50 70 10C
Afum]
green - ground state of Rb, T, 7\ 10,6um
broken - excited @ TW with 22 pm waist f" \
'.'-,'-"/"‘\""3‘/ 1046""'\\!',!\

. L \ 4
various trap realizations \ /
depending on the trap laser \ ;f

| P R
o 0 Wy _J:m o wa Wa O Wo
r r r 39
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Loading
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Loading problems a) geometry
b) cooling

z=~1d4mm T Goem
1 / fluorescencja [arb. units
3 l 3000
= | a=0mn 2=+ 5mn 1

Sem
¥ ’
retinm o~ | a=+ldmm 2=+1%am 1
/ / \ - e T
-‘ poltotenie ogniska z [mm]

ﬁl—%‘\ Y z/tn
&
| T
41
] omomagosroonna T e [
; Magnetic trap
- Heart of the MT- set of conical coils
(two — quadrupole field, third = loffe coil - Majorana losses!).
- Along axis of the loffe coil - two offset coils (Helmholtz).
« Typical current 40A — water cooling
42
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M tic trap
122 408, = 404, 1o = 404 9= 404, = 404, 1o = 404, wartosci pola w G
e e
3 559
g E “
Y i 03}
60 . 1 piR]
02f 3 1
0 281 &
804 ol 182
s |
T, _—
* f2d 182
s0 :
a1
204
T 1
10 o2 # ¢ i
N a1
05 " 30 559 51 1
0 e as -Oll =
) = o P - ] 3
g ey T
08 ’ 05 04 03 42 01 © 01 02 03 04 08
z N Y

40A & offset B,=1,7938 G yields trap frequencies:
radial v.=137 Hz
axial v, = 12,6 Hz
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RF evaporation
*  MT - conservative - no energy dissipation;
* The hottest atoms removed by RF resonance to other magnetic state;

Bad scenario:

N(v)

®

um
®

N(v), Good scenario:

44
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Dipole trapping of classical (macro) objects
4 um polysterene beads in water [M Burns et al., Science 249, 749 (1990)]

mirror

’_ screen | e

7

microscope
objective -

cover slip .
object holder .

3 beams

* polystéyene spheres
suspended in waler

mirror

rgon | r )
argon fase beam splitter

« beads pulled into high-intensity region (|nterférence
pattern) (green Arlaser beam is red-detuned from jﬁefg‘s s
UV polysterene absorption line) iy
» room-temp. (water cooling) sufficient for trappin
« green Ar* laser light visible due to Rayleigh
scattering on water molecules

Other important examples — optical tweezers \

45
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Dipole traps — resume:

* less effficient than MOTs — need MOT for loading
* no temp. limit — perfect for BEC
* conservative character — extra cooling mechanism necessary
— evaporation!
» optical — insensitive to magnetic states but not trivial evaporation
* magnetic — only specific m-state trapped (J?0)

cool down....
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