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How to Define Temperature
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How to Define Temperature

o From Maxwell-
Boltzmann eq.:

0 Boundary of absorption

of light:

o Doppler temperature:

O Recoil limit:

—kT =<E, >

v/lm,s

KT, = Z
k
h
kaTo =5
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Forces on two-Level Atoms

o The semi classical Py P
description: SR = ([H.A)
= Ehrenfest theorem: <[H,p]>:i%%_*z',p:_ih(a,az)
Laser light Pressure F:_<@>
0 Quantum Mechanic z

O (=, \ =
(using the electric dipole approximation,

in the last part, which allows to O /(- _ R
interchange the gradient and the F = e—<(E(I‘ )T )>
expected value) <A> :Tr(pA) 0z

General Solution for the force: . :h(GQ \ o’ J

0
F =10, (0 + Q' pg )+ im0 (00, + 2 py)



A Two-Level Atom at Rest

o Electric field of Standing
wave:
o The force from

E(2) = E, cos¢<z)(e‘th + c.c.)

spontaneous emission: _
p Fsp _ hkypee
k- momentum transfer from each photon.
y- the rate of the process. hk507/ /2
p-probability for atom to be in a state. Fsp = >
0 Absorption force (Radiation): 1+s+(261y)

0 Atom that absorb a photon releases it in spontaneous emission
thaw gain momentum.

0 The force direction is in the light direction.
0 The force saturates at large intensity.

0 S,=1I/I, —saturation parameter of a beam that forms standing
wave.

0 y- decay rate
0 8 -detuning



A Two-Level Atom at Rest

o Dipole Force (for - 21k s, sin(2kz)

standing wave): dp 4s, cog (kz) + (261 y)?



Multilevel Atoms

o Alkali-Metal Atoms: 2P, ,
[}
= First to be cooled and trapped. T~
= Excitation frequency in visible

— 1

= Large vapor pressure at a
modest temperature. _
. D, Cycling
= Easy to generate an atomic I ramsition
beam. |
= Have a closed shell with one - 5

valence electron. J——LQ
25
1/2
1

O Fine Structure:

|l-sKj<l+s o Hyper-Fine
| —orbital angular momentum Structure:
. II-JKFZI+J
S—gpin angular momentum _
| —nuclear spin

j —total angular momentum
F —total angular momentum



Zeeman Splitting

0 These dependencies
lifts by

external magnetic
filed B.

0 (21+1)x(2)+1) .
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FIGURE 4.2. Energies of the ground hyperfine states of Na, where the states are numbered

D M - p rOj e Ct i O n Of t h e 1-8 and M is the projection of the total angular momentum of the atom on the magnetic

angular momentum -
along B. AE = gusMB

0 g- Lande g-factor. Ug =€h[2mC
0 L,S,) - Refer to the J(J+D)+S(S+D)—-L(L+2)
electron’s angular g, =1+ 233+ 1)
momentum.
F(F+D)+J(J+D)-1(1+1
2F (F +1)

Energy shift [GHz]
T x T : . . :

Jr =9,



Deceleration of an Atomic Beam

0o Doppler effects:
Rate: P s 200+ wo) 1T

S7 /2

Force: F =rky,

Stopping length: | -v?/2a__

Stopping time: t =vla,,
Saturation deceleration:
Necessary condition

repeat cycles

atom  Toven Lin tmin
(K) (m/s) (m) (ms)

H 1000 5000 0.012 0.005
He* 4 158 0.03 0.34
He* 650 2013 44 4.4
Li 1017 2051 1.15 1.12
Na 712 876 0.42 0.96
K 617 626 0.77 2.45
Rb 568 402 0.75 3.72
Cs 544 319 0.93 5.82

another for the typical discharge temperature.

a__ =hky/2M
(0+wy) <<y

TABLE 6.1. Parameters of interest for slowing various atoms. The stopping length Lpin
and time fyjy are minimum values. The oven temperature Toven that determines the peak
velocity is chosen to give a vapor pressure of 1 Torr. Special cases are H at 1000 K and
He in the metastable triplet state, for which two rows are shown: one

for a 4 K source and



Deceleration of an Atomic Beam

O Laser Frequency sweep:

m Laser frequency sweep upward to compensate the deceasing
Doppler shift at the atoms slow down.

m Easy to use with semiconductor laser diodes.
= Slow atoms arrive in pulses.
o Broad Band light:
= Wide spectral range light.
= Demands 100 times the intensity.
o Diffuse light:

= Atoms moving through diffuse monochromatic light see a range
of frequencies that vary with the angel between velocity and

light direction. w, =—k-V,6 =w —w, = kvcosd = -w,

o DC Stark shift.
E , =Ey/1-4/1-2/z
o Changing the magnetic field. B() \/

(2)

= B,,/1- 2/ z,



Changing the magnetic field (p)

B, = Byy/1-2/7

Z, =MV, / 1jfiky
B0 th\lollu'”u'z (geMe_ ggMg)/uB

Source
Cooling laser

R <= ----

g- Land’e g-factor
\mu_B Bohr magnetron
M-magnetic quantum number

y- decay rate .

B,

—

FIGURE 6.1. Schematic diagram of apparatus for beam slowing. The tapered magnetic field
is produced by layers of varying length on the solenoid. A plot of B; vs. z is also shown.



Zeeman-tuning technique

m ]

O

H. Metcalf et-al. phys. Rev. A 55, 605-614
(1997)

TOF technique.

Na atoms pass throw
aperture of 1mm?2,

The source heated up
to 3000C.

Initial speed 1000 m/s
and spread of 0.01
radians

Final speed 50 m/s and
spread 0.2 radians

Extraction Lascr 1
Magnets
Profile Magnet
PMT
Sodium
S
- AJ4-plate
%;. : |:|:|<: Laser 2
Tl
P - 80 MHz
C.M. V AOM
4 cm
Pump  Probe
Beam Beam
zs Zc ZP
—I€ >€ ras >
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FIGURE 6.2. The TOF apparatus, showing the solenoid magnet and the location of the
two laser beams used as the pump and probe. The resolution of the technique is ultimately
determined by the flight path z, (figure from Ref. 65).



Measurements and Results

O

The pump and probe are
Berpendicular to the

eam therefore excites
all velocities.

The pump excites 98%
of the atoms to selected
hfs.

The pump width s
0.5mm.

The pump interrupted
for period At=10-50us
with AOM.,

Resolution of 1m/s

Atom Flux (Arb. Units)
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FIGURE 6.3. The velocity distribution measured with the TOF method. The experimental
width of approximately %{y / k) is shown by the dashed vertical lines between the arrows.
The Gaussian fit through the data yields a FWHM of 2.97 m/s (figure from Ref. 65).



Measurements and Results

1200 T T
t

o Cooling Suring Deceleration:
m Deceleration is not the same as cooling.

m Cooling: compression of the velocity in
the phase space.

= All atoms with velocity below v, are
swept into a narrow velocity group !
around the final velocity. 100}

o Shutting off the slowing laser beam:

= Shut off the slowing beam 1, before
short shut-off of the pump beam.

= Gives 2D graphs of the atoms in the

solenoid.
o Optical pumping during deceleration:

m The cooling beam pump the atoms to the
HFS levels.

= Many absorption and emissions are
required to have a significant effect on
the atom velocity.

m The laser beam’s polarization operates on

a cycling transition that conect the
states: F,=2, M, =2 with F,=3, M =..

1000 F ]

800k

Velocity (m/s)
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200
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-50 0 50 100
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FIGURE 6.4. Contour map of the measured velocity and position of atoms in the solenoid,

(a) for F, = 1 atoms and (b) for Fg = 1 atoms. The dashed line indicates the resonance

frequency forthe (F, M g)=(2,2) — (3, 3) cycling transition. The density of aloms per unit

phasc spacc arca AvAz has been indicated with different gray levels (figurc from Ref. 65).



Optical Molasses

O No a trap for neutral atoms because
there is no restoring force.

O Viscous damping.
O Using red detune Laser.

o Keeping the frequency, intensity,
polarization and phase on each line by
use of mirrors.

O
o Low-Intensity Theory for 2- 0.4
level atom in 1D. [
Fo, =F. +F 0.2}
. hky S 2
Fow =% _ > s 00
2 145 +[2(5F|Wy))/ 7] g
T 8hk> 55,V . -0.2 N\
Fom = 7o =N L
yA+s,+(201y)7) [ 2y q
'0-4 1 1 L LN | PR | e
S<LM=y/k 4 2 0 2 4

Ik Velocity [y / k]
V =

capture 4 FIGURE 7.1. Velocity dependence of the aptical damping forces for one-dimensional optical
molasses. The two dotted traces show the force from each beam, and the solid curve is their
sum. The straight line shows how this force mimics a pure damping force over a restricted
velocity range. These are calculated for sp = 2 and § = —y so there is some powey

broadening evident (see Sec. 2.4).



Is T reaches 07

o v=0, T=0 seems un physical
result.
o Heating caused by laser beam:

Recoil energy:

Average frequency for each
absorption:

Average frequency for each
emission:

Energy that the light loss for each
scattering:

The loss rate:

The emission is in random
direction.

The sample being heat up.

o This is the Doppler limit

The steady state kinetic energy:
The minimum is where:
And the Doppler temperature is:

o Note that the average momentum
1Eransfer is zero, but the rms
inite.

E =#%k?/2M =hw,

Wy =W, +W,
VVernit - Wa - Wr

h(Wabs _ Wemit) - 2hWr
2y,

Ek—steady_state = (h7/ /8)(2‘5‘/7—'_ Y /2‘5‘)
E ..—>0=—y/2
T, =hy 2k <1mK



Atomic Beam Collimation -1D

o A way to increase the brightness of an atomic beam.
o Using OM to restrict the atoms motion for certain direction.
o V,=500m/s, aperture~330um diameter.

APERTURE

OPTICAL SCANNABLE
MOLASSES HOT  WIRE

|

o
-

:’ﬂ‘ .1...“ | !

24 -1 4= 130 -
DISTANCES IN CM

FIGURE 7.2. Overall schematic of the apparatus used for one-dimensional transverse cool-
ing (figure from Ref. 76).



Atomic Beam Collimation -2D

O Creates atomic beams 102 or more times intense then
ordinary thermal beam.

o Rb atoms T~150°C.

ORTICAL OPTICAL
MOLASSES MOLASSES

VERY BRIGHT
ATOMIC BEAM

LASER OR
MAGNETIC LENS

FIGURE 7.3. Scheme for optical brightening of an atomic beam. First the transverse velocity
components of the atoms are damped out by an optical molasses, then the atoms are focused
tora spot, and finally the atoms are recoliimated in a second optical molasses (figure from
Ref. 76).



Early 2D collimation experiment

FIGURE 7.5. Image formed by the neutral atom camera of Fig. 7.4 with two-dimensional
molasses acting on the alomic beam, The outline of the circular beam spol represents a 6
mm diameter image on the phosphor. The 7 mW molasses laser beam was nearly uniformly
intense and rectangular, about 8 x 20 mm. Its detuning was about —30 MHz for (a) and about
+30 MHz for (b). Note the collimation for the red detuning and the divergence for the blue
detuning. Again the recording time was !/30 s and no image averaging was performed (figure
from Ref. 76).




Imaging System 2D
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FIGURE 7.4. Schematic diagram of the neutral-atom camera showing the repeller grid, the
hot grid, the multichannel plates, and the phosphor screen. Atoms are ionized at the hot
grid, directed toward the MCP’s by the field between it and the repeller, and accelerated
toward the MCP’s by the voltage between them and the hot grid. The output electrons excite
the phosphor, which is viewed by the TV camera. PC is a personal computer (figure from
Ref. 77).



Three-Dimensional Optical Molasses

A. Ashkin et-al. Phys. Rev. lett. 5, 48 (1985)

Intersection of three mutually orthogonal pairs of opposite laser beams.
Atoms can be collected and cooled in the intersection region.

Still not a trap, no return force in present.

Atoms defuse off the region (1cm~30s).

OooOooOooao

FIGURE7.7. Photograph of optical molasses in Na taken under ordinary snapshot conditions
in the lab at NIST. The upper horizontal streak is from the slowing laser while the three
beams that cross at the center are on mutually orthogonal axes viewed from the (111)
direction. Atoms in the optical molasses glow brightly at the center (figure from Ref. 81).



Measuring the Temperature

o The shine of the OM beam created a measuring error.

o NIST developed new technique by turning off the 3D OM
and turning on 1D OM from the lower part of the cell.

o The atoms arrival time created more precise temperature
measurements.

1.0
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0.0 Pl d” : ,
0 20 _40 60 80
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FIGURE 7.8. Data from dropping atoms out of optical molasses into a probe beam about
18 mm below. The calculated time-of-flight spectra are for 240 K and 40 xK. The shaded
area indicates the range of error in the 40 wK calculation from geometric uncertainties. The
width of the data is slightly larger than the calculation, presumably because of shot-to-shot
instabilities (figure from Ref. 82).



How does the Detuning effects the Temperature?

400 T 30
< \ o 0D d=1.0¢cm
= 300 A ‘,‘ 7 e d=125 ‘._"-'
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g - 10 =
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FIGURE 7.9. Temperature vs. detuning determined from time-of-flight data for various
separations d between the optical molasses and the probe laser (data points). The solid
curve represents the measured molasses decay rate; it is not a fit to the temperature data
points, but its scale (shown at right) was chosen to emphasize its proportionality to the
temperature data. The dashed line shows the temperature expected on the basis of the
two-level atom theory of Sec. 7.2 (figure from Ref. 82).



Cooling Below the Doppler Limit...

0 The temperature that was measured for
the 3D OM was under T,.

0 Non-adiabatic response of moving atoms
to the light field.

0 Techniques using Laser polarization
developed.



Cooling Below the Doppler Limit...

o Dalibard and Cohen-Tannoudji. J. Opt. Soc. Am B 6, 2058-2071 (1989)
O Linear L Linear Polarization Gradient Cooling.
m Light Shifts
m Linear Polarization
m Sub-Doppler cooling with linear light
o Circular Polarized light
m Sub-Doppler cooling with circular polarized
light
0 Recoil Limit...



Light Shifts

h65,C2
1+ (201 y)

o Light Shift is the AC
Stark shift.

o Coupling between two

. . = — £2)A/2
levels shifts their / o

energies. |

o C,.- The Clebsch-Gordan s
coefficient that describes the_

coupling between the atom \ --------
and light field.. s+ 2

bare states shifted states

‘ field off field on

| -

FIGURE 1.2. Energies of the two coupled states with the light field off and the light field
on, The states are shified due to the atom-light interaction, and the shift is called light shift.



Linear Polarization

O Thle eIecCtIrllc Eteld for linear g _ g zcosyt —kz) + E dcosut + k) =
polarized 1ig = 2E.£ coskz) cosnmt)

o For two counter - A A
propagating laser beams E=FEoXxcosit—kz)+E,ycosiyt+kz) =
both linear: = E,[(X+ §) coskz) cosit) + (X— ) sin(kz) sinfwt)]

o At the origin: E = E,(X+ V) cos(wt)

0 At z=4/8, where kz=m/4: E_E [gsin(wt+z/4)- Jcosit + /4]

Q At z=/4/8 and at arxl

z=31/8 where

kz=37/4; E 5 -

represent circular = L _~ \U_[_____. -- A/ k2

polarized light at \

opposite directions. ot

O There is strong Tty

polarization 1

gradient. 0 A/d A2

Q Sisyphus Cooling 5. Polarization gradient field for the lin L lin configuration (see also Chapter 8).



Sub-Doppler cooling with linear light

o The Stark Shift for two level atom in

. hQZ
traveling wave: AE 4 aveiing) 0
o Two traveling waves- Light shift twice hés,C2
large. AE ge

g(2-traveling) = 2
o The coupling has been modified L+ (@o/7)

because of the multiplicity of the
ground-state, c,.

o A ¢, depends on the magnetic
quantum number and on the
polarization of light field.

o For o7 light M;=1/2 three times larger
them M, =-1/2.

o For o light the opposite.



Sub-Doppler cooling with linear light

0 M4 N2 304
Position

FIGURE 8.1. The spatial dependence of the light shifts of the ground-state sublevels of
the J = 1 « 34 transition for the case of the lin L lin polarization configuration. The
arrows show the path followed by atoms being cooled in this arrangement. Atoms starting
at z = 0 in the Mz = +1/ sublevel must climb the potential hill as they approach the
z = A /4 point where the light becomes o~ polarized, and there they are optically pumped
to the My = — 1/2 sublevel. Then they must begin climbing another hill toward the z = A/2
point where the light is o polarized and they are optically pumped back to the M e =114
sublevel. The process repeats until the atomic kinetic energy is too small to climb the next
hill. Each optical pumping event results in absorption of light at a lower frequency than
emission, thus dissipating energy to the radiation field.



Circular Polarized light

o Counter propagating oppositely circularly
polarized light beam.

o There is no temporal phase difference between
the two polarization directions at any position.

o This represent a linear polarized field whose ¢
vector is fixed in time but rotates uniformly in

space along z.
o \ 22
G ol

| | | | J
0 A/8 r/4

FIGURE 4.6. Polarization gradient field for the o ¥-o ™~ configuration (see also Chapter 8).



Sub-Doppler cooling with circular polarized light

o No more “Sisyphus” effect, no hills and valleys.

o atoms at rest in the light field optical pumping
redistributes the population among the magnetic substates.
= M =0 will be populated more strongly then M = +1

0o Moving atoms experience rotation of the quantization axis,
and must be optically pumped in order to follow it.

= M =+1 is more populated then M =-1 for atoms traveling
toward the beam with o+ polarization.

= Vise versa for atoms traveling in the opposite direction
O Mlg=h1t scatters the o* light six times more efficiently them the
c” 11gnt.
= And the opposite for ¢~ and M =-1.
o This effect cusses better cooling because the atoms want to
interact with the other beam, due to different population in
the sublevels.



Recoil Limit

O The minimum steady state kinetic energy of a atom is E, from two
reasons:

= the last spontaneous emission will leave the atom with radial
momentum hk/2rzin a random direction.

= The polarization gradient requires the atoms to be localizable within the
scale of ~4/2x

E =kbT. = (7k)2 /2M



Magnetic Trapping of Neutral Atoms

O
O

O

O

O

H. Metcalf. J. Opt. Soc. Am. B 6, 2206-2210 (1989)

This trap is combination of an Optical trap as seen previously
and a Magnetic trap.

Neutral atoms need to in the ground or metastable state with
magnetic dipole moment.

The trap has a minimum therefore has return force.

Atoms first be cooled down optlcally then can be trap
magnetically. V(y B)

Ultra high vacuum must be kept:= e

028
o2 |
0Ee
ag -
ot
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Magneto-Optical Traps

o H. Metcalf. J. Opt. Soc. Am. B 6, 2206-2210 (1989)
o The MOT is a very robust easy to construct trap.

o A MOT is created by using 3 pair of counter laser beams
and inhomogeneous magnetic trap B, sAz.

o The Temperature of atoms in a MOT is in the uK range.

o The total force on the atom

'S IEfast—atoms = IE’+ + If—
O o6 - is the detuning for each .
= | hky S
laser beam. Fo=t—m AT
o u - the effective magnetic L SO' 1
moment for the transition 0, =0FK-VEu'BIh
used: H#'=(9.M,—g,M )y
o Where Doppler and Zeeman £ T ﬂr)
shifts are small compeer to foretoms nk

the detuning:



1D MOT

o+ beam { $ o_ beam
- => M, =0
Z Position

-

FIGURE 11.4. Arrangement for a MOT in ID. The horizontal dashed line represents the
laser frequency seen by an atom at rest in the center of the trap. Because of the Zeeman
shifts of the atomic transition freguencies in the inhomogeneous magnetic ficld, atoms at

z = 7’ are closer to resonance with the o~ laser beam than with the o % beam, and are
therefore driven toward the center of the trap.



3D MOT

= Repumping is achieved by tuning the
repumper to the Fg=2 — Fe=1 transition.

-

FIGURE 11.6. The schematic diagram of a MOT shows the coils and the directions of
polarization of the six light beams. It has an axial symmetry and various rotational symme-
tries, so some exchanges would still result in a trap that works, but not all configurations
are possible. Atoms are trapped from the background vapor of Cs that arises from a piece
of solid Cs in one of the arms of the setup.



Capturing Atoms in a MOT

Capture Velocity vs.

Trajectories in 1D MOT Detuning
60 | ' ] —_ 100 )
1 |72]
- (), £ sof (b)]
40 b s
EE‘ : g’ 60
= b o g
3 20 » > 40}
C) > | 4 -
2 ! 5
oF | lrap center \ §- 20
[ 1 . . . ] 0 . . . ]
-10 -5 0 5 10 -200 -150 -100 -S0 0 50
Position [mml] Detuning [MHz]

FIGURE 11.5. Numerical simulation of the capture process in 1D of the MOT for a
Jg =0 — Jo = | transition. (a) Trajectories for Na atoms with such a simplified struc-
ture entering the MOT region with different initial velocities, which is increased between
different trajectories by 5 m/s. Here 5¢g=10 and § = —30 MHz. For low enough velocities
the atoms are collected in the center of the trap and remain trapped. (b) Dependence of the
capture velocity ve on the detuning of the laser from resonance. The largest v¢ 1s obtained
for a detuning of =~ —100 MHz = —10y.



Evaporative Cooling

o Evaporative cooling works by the preferential removal of
atoms having an energy higher then the average energy.

o The atoms magnetic moment -uB pushes them to the
minimum of the trap.

o By changing the trap depth it is possible to release the hot
atoms.




Bose-Einstern Condensation in a gas: a new form of
matter at the coldest temperatures in the untverse...

N o0 The Pathway to BEC:

= Using MOT to capture atoms (only the slow
ones).

= Turn off the Magnetic trap and turn on the
Optical Molasses till the atoms reaches the recoil A Eginstein
temperature.

= Evaporative Cooling: Turn off the OM and turning
on the Magnetic trap for EC.

= After this stage 1% of the atoms are in BEC
state. ;

o The criteria for BEC: p=NAg = 2612
Ay =h/MV =h/[3Mk,T

(3Mk,T)>*

h3

n>2612



BEC at Ben Gurion

o On April 11, 2007, we obtained Bose-Einstein Condensation
(BEC) for the first time on our Atom Chip.

Transition to BEC:

Our Atom Chip

@o?’

909 kHz 908 kHz 904 kHz 900 kHz



BEC Interference fringes

o Interference fringes from two BEC who collides. The last
picture took after 14ms of potential free TOF.

T. Schumm, S. Hofferberth, L. M.

Andersson, S. Wildermuth, S. Groth, I.

Bar-Joseph, J. Schmiedmayer and P.
Kriiger
Nature Physics 1, 57 - 62 (2005)
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Dipole Force Optical Traps

o S. Chu et-al. Phys. Rev. Lett. 57, 314 (1986)

o What happens if a laser beam has
spatial inhomogeneity in power?

o The Stark shift has spatial
differences.

o Atoms will “run” to the minimum.

_ 2/Wc2)
= With laser light tuned Dbellow |(r):|oer
resonance, the light  shift iS 7 .
everywhere negative, but larges at the |F z_—v(Q(zr))z_Lw(r)
center of the Gaussian beam waist. 46 84l ¢
= With blue detune laser the maximum T -
is at the maximum intensity. E~_2 lo 1 griivg
40 |4 vvg
W
laser _}
e
2w,

FIGURE 11.1. A single focused laser beam produces the simplest type of optical trap.



Optical Lattices

0 Using few lasers with different
frequency creates “egg-crate”

pOte ntl d | . mair lattice Vix)=sE, cos (kx)

o The potential walls are separated by .
A/2 ,and the lattice site density is a WWMWW\MW[\/WWW b0,
feW 1013 Cm-3 . disordering lattice ¥ (x) =4,E,, c0s” (k,X)

O LoadinP of atoms into the lattice is AVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVARRF PRSI CEL
typlcal y done from Sample Of trapped bichromatic lattice ¥ (x) =« E,, cos® (kx)+s,E,, cos’(k,x)

and cooled atoms. . - s30mm
o OL usualy been created by using long beWW\ﬁWMNW\A}W\MPU Ay = 1076 nim
wavelength lasers far off resonance oz
such as A ~10um CO, .

Wix)
(A ARARAN
Isl ] IL' VY YUY

LENS



Laser Arrangements for Optical Lattices

o This is a simple technique for creating 1D lattice.

o sub-wavelength vibrations of the mirrors changed the

relative phase of the mirrors and made dramatic changes in
the local polarization.

L

region of

phase stable
2D lattice\ \
Laser - -

-1 optional retarder

7777777 retro-reflector

FIGURE 16.2. A single mode of a standing wave cavity is folded by mirrors to make an op-

tical field consisting of two perpendicular phase-stable standing waves. Their polarizations
can be different by placement of a retarder at the indicated position [316].



Some new Experiments




