
Lecture 2
Cooling & trapping atoms
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Summary from last time
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In absence of sp. emission 
Evolution with pure wave function 
Rabi oscillations 

In presence of sp. emission 
Atom+photon reservoir: OK to use pure wave function 
Atom only: must use a reduced density matrix
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Equations of motion for density matrix
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Useful properties:

conservation of probability: ⇢ee + ⇢gg = 0

symmetry of equations: ⇢eg = ⇢⇤ge
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Solving the Equations of motion
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Suggestions ?

⇢ee time independent (this is new!)
⇢eg precesses with laser frequency ⇢eg = Be�i!Lt

⇢eg = �⌦

2

� + i�/2

⌦2/2 + �2 + �2/4
e�i�⇢ee =

⌦2/4

⌦2/2 + �2 + �2/4

High laser power — saturation: ⇢ee ⇡
1

2
s =

⌦2

2�2 + �2/2

⇢ee =
1

2

s

1 + s



Force of laser light on atom

F = �hrVALi = Tr
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Interpretation of the laser force: rad. pressure

F = � s
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(1) absorb laser photon (with fixed momentum) 
(2) spontaneous emission (with random momentum)

Consider plane wave � = kL · r

Fpr = ��
s/2
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population of excited statespontaneous emission rate
momentum of laser photon

Rad. pressure = (photon abs. rate)(kick per photon)



Implications of radiation pressure

atomnet  
force

laser

atom
laserlaser

What is the net force  
if we have two lasers?



Interpretation of the laser force: dipole force

F = � s
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2nd order correction to atom 
energy from polarization 
due to laser light
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Note 1:  
Force due to potential

Fdip = �rUdip
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Note 2:  
SIGN OF POTENTIAL  
DEPENDS ON DETUNING!!!

Red: high field seekers 
Blue: low field seekers



Which force is stronger?
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on resonance:  
radiation pressure wins

far detuned 
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implications:  
(1) dipole force can win 
(2) scattering rate can be very small — coherent motion



Slowing atoms with radiation pressure

atom 
v=300 m/s

laserOven 
500K

Failure: 
!
Doppler effect 
!
Velocity change allowed  
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k
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⇡ 4 cm/s

atom 
v=299.96 m/s

Now what?



Zeeman slower

atom 
v=300 m/s

laserOven 
500K atom 

v=299.96 m/s

Bill Phillips

Compensate doppler shift  
with Zeeman shift 

!
!
!

Also solves unwanted  
optical pumping problem 
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L

v
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alignment errors and finite magnetic field allows
undesired transitions to be 10 4 times as prob-
able as the desired 0' transition.
Because the Zeeman shift yz of the frequency

of the o' transition is a constant (14 GHz/T),
the changing Doppler shift of an atom experienc-
ing uniform deceleration a can be cancelled by
a magnetic field varying as B=B~ +Bo(1 -2az/
v, ')'~'. For B,=0.12 T, the Zeeman shift match-
es the Doppler shift of atoms from velocity v,
=10' cm/s down to zero. Slower atoms begin
decelerating upon reaching the magnetic field
whose Zeeman shift matches their Doppler shift.
Thus all atoms of velocity ~0-AyzB, are bunched
into one slow velocity group. With a constant
bias field B, of at least 0.04 T, the field de-
scribed above solves both the Doppler-shift and
optical -pumping problems.
This use of a changing magnetic field to follow

the changing atomic Doppler shift "adiabatically"
is similar in principle to the use of a rapidly
changing laser frequency proposed by Letokhov'
to follow the changing Doppler shift. Balykin,
Letokhov, and Mishin' have reported decelera-
tion of a Na beam with this technique, using the
same frequency-scanned laser simultaneously
to produce velocity analysis of the atomic beam.
This procedure produces ambiguous results be-
cause the velocity distribution is inferred from
the Doppler line shape which is distorted by opti-
cal pumping. ' Our procedure avoids these prob-
lems by using a second, weak laser to perform
the velocity analysis. Furthermore, the use of
a magnetic field to achieve adiabatic cooling re-
sults in a continuous, rather than a pulsed,

production of slow atoms.
Our apparatus is shown schematically in Fig. 1.

A 500'C oven with a 600 C nozzle produces a
slightly supersonic Na beam that is then col-
limated to -0.01 rad. About 50 cm from the
source the beam enters a 60-cm-long solenoid.
Three layers of wire wound on the entire 60-cm
length provide the bias field B~, while additional
windings on only part of the solenoid produce the
spatially varying part of the field.
The 30-mW cooling laser is aligned so that its

5-mm-diam beam overlaps the atomic beam for
the entire 1.6-m length of the apparatus; the 80-
pW analyzing beam crosses these two at -6,
overlapping them in a region a few centimeters
long in the field of view of a photomultiplier
(PMT). (The laser linewidths are about 10 MHz. )
This region is far enough away from the 9-cm-
diam solenoid to be in nearly zero field. The
output of the PMT is amplified and fed to a box-
car integrator triggered by the 100-Hz chopper
interrupting the cooling beam.
The boxcar's dual 50- p,s gates are set to ob-
serve fluorescence induced by the analyzing laser
after the cooling beam has been blocked by the
chopper (fall time -15 ps). Gate A is set 50 ps
after the cooling beam turns off and gate B is set
4 ms later The.A signal therefore comes from
atoms that have traversed the solenoid while the
cooling light was on (drifting only a few centime-
ters during the 50-ys delay) while the B signal
comes from atoms that were never in the cooling
laser light.
As the analyzing laser's frequency is scanned
slowly, the observed fluorescence gives the ve-
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FIG. 1. Schematic diagram of apparatus including optical and electronic arrangement. A plot of B vs z, with and
without the turns in the small shaded area of the solenoid, is shown. Note the regions of large dB/dz (steep slope
on broken curve). The timing of the boxcar gates A and B relative to the chopping of the decelerating laser is
shown at the lower right-hand side.
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http://scienceblogs.com/principles/files/2013/07/ryan_slower.jpg
Phys. Rev. Lett. 48, 596 (1982)

Harold Metcalf

http://scienceblogs.com/principles/files/2013/07/ryan_slower.jpg


Doppler cooling

Now we have slowed atoms,  
how to catch them ? 
!
Step 1: optical molasses (AKA Doppler cooling)
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laserlaser laserlaser

-4 -2 0 2 4
0.00

0.05

0.10

0.15

0.20

0.25

detuning -- �/�

S
ca
tte
rin
g
R
at
e
[A
U
]

more scatteringless scattering

Steven Chu
Claude Cohen- 

Tannoudji



Doppler cooling, technical details …

How doppler cooling works 
!
Force from single beam, including Doppler shift,  
low velocity approximation
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pressure in direction  
of beam

friction-like correction 
if red detuned beam

Counter propagating beams? => Only friction remains



Doppler cooling, 3D

How to do Doppler cooling in 3D? 
!
Use more lasers !

https://student.societyforscience.org/article/ 
explainer-how-lasers-make-`optical-molasses’

Na atoms in optical molasses at 
intersection of six beams 

Chu et al PRL 55, 48 (1985)

https://student.societyforscience.org/article


Real life is a bit harder

Real atoms have more than two levels 
(1) Sometimes: possible to find two level subsystem 
(2) Sometimes: dark states => use a repumper laser

D. Weiss et al J. Opt. Soc. Am. B 6, 2072 (1989) 
Wikipedia article on MOT

2076 J. Opt. Soc. Am. B/Vol. 6, No. 11/November 1989
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Fig. 7. Allowed transitions between the 3S1 /2 and 3P3/2 levels in sodium.
to the squares of the matrix elements.

those for two-level polarization (+o-+). The atomic ensem-
ble is effectively statistically distributed among five two-
level systems that exchange population by spontaneous
emission. The behavior is therefore expected to be similar
to that of the pure two-level system except that we now have
to take into account the presence of the other hyperfine
levels. Off-resonant excitation of the 3S1 /2, F = 2 to 3P3 /2, F
= 2 transition (see Fig. 7) is now possible, so we can expect
some heating because the carrier is tuned to the blue of that
transition. In addition, excitation of the 3P3/2, F = 2 level
leads to spontaneous decay to the 3S1/2, F = 1 ground state,
so the temperature may be sensitive to the sideband fre-
quency and intensity.

The dominant character of the data taken with 1rx7rx polar-
ization is as expected, that is, the atomic ensemble can at all
times be characterized well by a single temperature. The
axial and transverse temperatures for 7rxrx polarization are
shown as a function of D time along with the o+u+ data in
Fig. 4. The weighted average of the oscillator strength for
7rx7rx polarization (excitation of the F = 2 to F = 3 transition
only) is 0.55 of that of or+u+, corresponding to 1.8 times larger
average saturation intensity. Based on a simple scaling of
the two-level system we therefore expect a marginally lower
equilibration temperature and 45% lower transverse heating
and equilibration rates. Experimentally, we observe a 10%
higher temperature and 35% lower rates than for the ob-
served two-level system. This suggests that these measure-
ments are slightly affected by complications that are due to
the hyperfine structure.

The heating on the 3S1/2, F = 2 to 3P3 /2, F = 2 transition,
which under the present conditions is excited 28 times less
than the F = 2 to F = 3 transition, is hard to disentangle
experimentally, but the effect of the sideband is easily asses-
sible. Figure 8 shows the equilibrated temperature (ID
time of 1 msec) for a range of sideband frequencies. The
data are obtained with a carrier detuning and intensity of

F~~~~~~~ 3 2

F 2 l ;
3P12 41 7ZHz

F=0

0 +1 +2 ~~~~589 nm

~~~~~~~~F = 2

F=2 ~ ~ ~ F 

3/2 1.772 GHz
F=

The numbers between the ground and excited states are proportional

-27 MHz and 7.6 mW/cm2 per beam, respectively, and a
carrier-to-sideband intensity ratio held fixed at 8. The tem-
perature varies by a factor of 4 over the scan. Doppler
heating and cooling on either side of the F = 1 to F = 1 and F
= to F = 2 transitions are apparent. No change in tem-
perature is observed when the sideband intensity is varied
from 5% to 22% of the carrier intensity.

The assignment of a transverse temperature in the case of
7rx7rx polarization is somewhat ambiguous. The velocity dis-
tribution in the horizontal plane will be anisotropic because
only 20% of the total spontaneous diffusion due to emission
of linearly polarized light is directed along the axis of the
laser polarization, while 40% is along each of the perpendicu-
lar directions. For emission of circular polarization it is 40%
along the beam axis and 30% in each direction of the horizon-

"I
E 2.0
)

L.

U) 1 .0 0.
E
U)

0.0'-
-60 -40 -20 0

Sideband Detuning (MHz)
Fig. 8. Temperature of atoms equilibrated in 7rx7rx molasses as a
function of the detuning of the rf sideband. The zero point corre-
sponds to the sideband's being shifted into resonance with the 3S1 /2,
F = 1 to 3,1/2 F = 2 transition. The carrier is held fixed at -27
MHz with an intensity of 7.6 mW/cm 2 per beam, which is eight times
the intensity of the sideband. Doppler cooling and heating to the
red and the blue of the three resonances is evident.

Weiss et al.

rNa Rb



Limits on Doppler cooling

(1) atom receive momentum in discrete kicks of 
(2) most kicks come from a random laser (not the one 

in direction of travel of atom)*  

~kL

*Except for the case of a super-narrow line

Atom undergoes a biased random walk

8000 8002 8004 8006 8008 8010

-1

0

1

2

3

4

5

6

Time [au]

M
om
en
tu
m

[�
k L

]

0 2000 4000 6000 8000 10000
-100

0

100

200

300

400

500

Time [au]

M
om
en
tu
m

[�
k L

]

kBTmin =
~�
2

Limit on Doppler Cooling



Magneto-Optical Trap

Issues with Optical molasses 
(1) stops atoms, but does not trap them 
(2) works in narrow range of velocities

How to fix? 
(1) Add a magnetic field gradient 
(2) As atom moves toward laser, force on it increases 
(3) Help from selection rules

laser

|gi

|e1i

laser �+��
|e�1i



Magneto-Optical Trap in 3D
(1) We want a configuration with zero field in center of trap 
(2) Standard approach: use anti-Helmholtz coils 
!
!
(3) Select polarization of laser  

beams for trapping 
(4) Apply black magic …

B = B0{x, y,�2z} z

y

x

Li-6 atoms in Magneto-Optical-Trap 
(H. Moritz group, Hamburg)  

Many groups skip Zeeman 
slower load atoms from oven 

directly into MOT



Coherent trapping

Zeeman slower, optical molasses & MOT 
(1) work by scattering laser photons from coherent laser light into 

incoherent radiation 
(2) not so good for BEC -> atoms will be scattered out  

of ground state 
(3) Want trap that does not rely on spontaneous emission 

Option 1: dipole trap 
(1) use far (red) detuned light

Option 2: magnetic trap



Interpretation of the laser force: dipole force

F = � s
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Note 1:  
Force due to potential

Fdip = �rUdip
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Note 2:  
SIGN OF POTENTIAL  
DEPENDS ON DETUNING!!!

Red: high field seekers 
Blue: low field seekers



Which force is stronger?

F = � s

1 + s

✓
~�
2
r�L +

~�
⌦
r⌦

◆

on resonance:  
radiation pressure wins

far detuned 
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implications:  
(1) dipole force can win 
(2) scattering rate can be very small — coherent motion



Coherent trapping

Zeeman slower, optical molasses & MOT 
(1) work by scattering laser photons from coherent laser light into 

incoherent radiation 
(2) not so good for BEC -> atoms will be scattered out  

of ground state 
(3) Want trap that does not rely on spontaneous emission 

Option 1: dipole trap 
(1) use far (red) detuned light 
(2) focus light to tarp atoms

Option 2: magnetic trap 
(1) Zeeman shift atom energy 
!
!
!
(2) Atoms attracted to field  

maxima or minima  
depending on sign of g 

(3) Use mz state aligned with BS. Hofferberth group, Stutgart

EZ = gµBB



Magnetic trapping small problem

Magnetic trap contains a hole ! 
(1) Not possible to have a B-field maximum in free space 
(2) Must use B-field minimum 
(3) Typically B=0 at trap center => mz not determined 

Option 1: TOP (JILA/NIST) 
(1) Add a quickly rotating B-field 
(2) On average atoms see a  

finite B-field in whole trap

Option 2: use laser (MIT) 
(1) Plug hole with a blue  

detuned laser beam
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leasinlg the higher enierg atomls fromi the
trap; the remaining atonms then rcthermali:e
to a colder temperature.
We accomplished this release with a ra-

dio frequencx (rf) magnetic field (14). Be-
cause the higher energy atoms sample the

Fig. 1. Schematic of the apparatus. Six laser
beams intersect in a glass cell, creating a magne-
to-optical trap (MOT). The cell is 2.5 cm square by
12 cm long, and the beams are 1.5 cm in diame-
ter. The coils generating the fixed quadrupole and
rotating transverse components of the TOP trap
magnetic fields are shown in green and blue, re-
spectively. The glass cell hangs down from a steel
chamber (not shown) containing a vacuum pump
and rubidium source. Also not shown are coils for
injecting the rf magnetic field for evaporation and
the additional laser beams for imaging and opti-
cally pumping the trapped atom sample.

trap regions with higher miagnetic field,
their spin-flip transition frequencies are
shifted as a result of the Zeeman effect. We
set the frequency of the rf field to selective-
ly drive these atoms into an untrapped spin
state. For optimum cooling, the rf frequency
wxas ramped slovwly dowxnward, causing the
central density and collision rate to increase
and temperature to decrease. The final tem-
perature and phase-space densitx of the
sample depends on the final value of the rf
frequency (v,,,).
A typical data cycle during which atoms

are cooled from 300 K to a few hundred
nanokelvin is as folloxws: (i) For 300 s the
optical forces from a magneto-optical trap
(15) (MOT) collect atoms from a room
temperature, -10 torr vapor (10) of
"'TRb atoms; we used a so-called dark MOT
(16) to reduce the loss mechanisms of an
ordinary MOT, enabling the collection of a

large number (10') of atoms even utinder our
unusually low pressure conditions (17). (ii)
The atom cloud is then quickly compressed
and cooled to 20 IJK by adjustment of the
field gradient and laser frequencx (18). (iii)
A small magnetic bias field is applied, and a
short pulse of circularly polari:ed laser light
optically pumps the magnetic moments of
all the atoms so they are parallel with the
magnetic field (the F = 2, mr = 2 angular
momentuim state.) (19). (ix') All laser light
is removed and a TOP trap is constructed in
place around the atoms, the necessary qua-
drupole and rotating fields being turned on

in 1 ms. (v) The quadrupole field compo-
nent of the TOP trap is then adiabatically
ramped uip to its maximum value, thereby

increasing the elastic cocllision rate lby a
factor of 5.

At this point, we had about 4 x 1©0
atoms with a temperature of abouit 90 [LK in
the trap. The trap has an axial oscillation
frequency of about 120 H: and a cylindri-
cally symmetric radial frequency smaller by
a factor of 8. The nutmber density, aver-
aged over the entire cloud, is 2 X 1010
cm \. The elastic collision rate (19) is ap-
proximately three per second, which is 200
times greater than the one per 70 s loss rate
from the trap.

The sample xwas then evaporatively
cooled for 70 s, during which time both the
rf frequency and the magnittude of the ro-
tating field were ramped down, as described
(13, 20). The choice of the value of v,,~i
for the cycle determines the depth of the rf
cut and the temperature of the remaining
atoms. If vl..,,p is 3.6 MH:, the rf "scalpel"
will have cut all the way into the center of
the trap and no atoms will remain. At the
end of the rf ramp, we allowxed the sample to
equilibrate for 2 s (21) and then expanded
the cloiud to measuire the velocity distribu-
tion. For technical reasons, this expansion
was done in txwo stages. The trap spring
constants wxere first adiabatically, reduced bx,
a factor of 75 and then suddenly reduced to
nearly :ero so that the atoms essentially
expanded ballistically. A field gradient re-
mains that suipports the atoms against grav-
ity to allow longer expansion times. Al-
though this approach provides small trans-
verse restoring forces, these are easily taken
into account in the analysis. After a 60-ms
expansion, the spatial distribution of the

B C

Fig. 2. False-color images display the velocity distribution of the cloud (A) just
before the appearance of the condensate. (B) just after the appearance of the
condensate, and (C) after further evaporation has left a sample of nearly pure
condensate. The circular pattern of the noncondensate fraction (mostly yellow
and green) is an indication that the velocity distribution s isotropic, consistent

with thermal equilibrium. The condensate fraction (mostly blue and white) is

elliptical. indicative that it is a highly nonthermal distribution. The elliptical pattern
is in fact an image of a single, macroscopically occupied quantum wave func-
tion. The field of view of each image is 200 Jm by 270 ipm. The observed
horizontal width of the condensate is broadened by the experimental resolution.
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Final ingredient: Evaporative cooling
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What does BEC look like? 
Colorado version - 87Rb

leasinlg the higher enierg atomls fromi the
trap; the remaining atonms then rcthermali:e
to a colder temperature.
We accomplished this release with a ra-

dio frequencx (rf) magnetic field (14). Be-
cause the higher energy atoms sample the

Fig. 1. Schematic of the apparatus. Six laser
beams intersect in a glass cell, creating a magne-
to-optical trap (MOT). The cell is 2.5 cm square by
12 cm long, and the beams are 1.5 cm in diame-
ter. The coils generating the fixed quadrupole and
rotating transverse components of the TOP trap
magnetic fields are shown in green and blue, re-
spectively. The glass cell hangs down from a steel
chamber (not shown) containing a vacuum pump
and rubidium source. Also not shown are coils for
injecting the rf magnetic field for evaporation and
the additional laser beams for imaging and opti-
cally pumping the trapped atom sample.

trap regions with higher miagnetic field,
their spin-flip transition frequencies are
shifted as a result of the Zeeman effect. We
set the frequency of the rf field to selective-
ly drive these atoms into an untrapped spin
state. For optimum cooling, the rf frequency
wxas ramped slovwly dowxnward, causing the
central density and collision rate to increase
and temperature to decrease. The final tem-
perature and phase-space densitx of the
sample depends on the final value of the rf
frequency (v,,,).
A typical data cycle during which atoms

are cooled from 300 K to a few hundred
nanokelvin is as folloxws: (i) For 300 s the
optical forces from a magneto-optical trap
(15) (MOT) collect atoms from a room
temperature, -10 torr vapor (10) of
"'TRb atoms; we used a so-called dark MOT
(16) to reduce the loss mechanisms of an
ordinary MOT, enabling the collection of a

large number (10') of atoms even utinder our
unusually low pressure conditions (17). (ii)
The atom cloud is then quickly compressed
and cooled to 20 IJK by adjustment of the
field gradient and laser frequencx (18). (iii)
A small magnetic bias field is applied, and a
short pulse of circularly polari:ed laser light
optically pumps the magnetic moments of
all the atoms so they are parallel with the
magnetic field (the F = 2, mr = 2 angular
momentuim state.) (19). (ix') All laser light
is removed and a TOP trap is constructed in
place around the atoms, the necessary qua-
drupole and rotating fields being turned on

in 1 ms. (v) The quadrupole field compo-
nent of the TOP trap is then adiabatically
ramped uip to its maximum value, thereby

increasing the elastic cocllision rate lby a
factor of 5.

At this point, we had about 4 x 1©0
atoms with a temperature of abouit 90 [LK in
the trap. The trap has an axial oscillation
frequency of about 120 H: and a cylindri-
cally symmetric radial frequency smaller by
a factor of 8. The nutmber density, aver-
aged over the entire cloud, is 2 X 1010
cm \. The elastic collision rate (19) is ap-
proximately three per second, which is 200
times greater than the one per 70 s loss rate
from the trap.

The sample xwas then evaporatively
cooled for 70 s, during which time both the
rf frequency and the magnittude of the ro-
tating field were ramped down, as described
(13, 20). The choice of the value of v,,~i
for the cycle determines the depth of the rf
cut and the temperature of the remaining
atoms. If vl..,,p is 3.6 MH:, the rf "scalpel"
will have cut all the way into the center of
the trap and no atoms will remain. At the
end of the rf ramp, we allowxed the sample to
equilibrate for 2 s (21) and then expanded
the cloiud to measuire the velocity distribu-
tion. For technical reasons, this expansion
was done in txwo stages. The trap spring
constants wxere first adiabatically, reduced bx,
a factor of 75 and then suddenly reduced to
nearly :ero so that the atoms essentially
expanded ballistically. A field gradient re-
mains that suipports the atoms against grav-
ity to allow longer expansion times. Al-
though this approach provides small trans-
verse restoring forces, these are easily taken
into account in the analysis. After a 60-ms
expansion, the spatial distribution of the

B C

Fig. 2. False-color images display the velocity distribution of the cloud (A) just
before the appearance of the condensate. (B) just after the appearance of the
condensate, and (C) after further evaporation has left a sample of nearly pure
condensate. The circular pattern of the noncondensate fraction (mostly yellow
and green) is an indication that the velocity distribution s isotropic, consistent

with thermal equilibrium. The condensate fraction (mostly blue and white) is

elliptical. indicative that it is a highly nonthermal distribution. The elliptical pattern
is in fact an image of a single, macroscopically occupied quantum wave func-
tion. The field of view of each image is 200 Jm by 270 ipm. The observed
horizontal width of the condensate is broadened by the experimental resolution.
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proximately three per second, which is 200
times greater than the one per 70 s loss rate
from the trap.

The sample xwas then evaporatively
cooled for 70 s, during which time both the
rf frequency and the magnittude of the ro-
tating field were ramped down, as described
(13, 20). The choice of the value of v,,~i
for the cycle determines the depth of the rf
cut and the temperature of the remaining
atoms. If vl..,,p is 3.6 MH:, the rf "scalpel"
will have cut all the way into the center of
the trap and no atoms will remain. At the
end of the rf ramp, we allowxed the sample to
equilibrate for 2 s (21) and then expanded
the cloiud to measuire the velocity distribu-
tion. For technical reasons, this expansion
was done in txwo stages. The trap spring
constants wxere first adiabatically, reduced bx,
a factor of 75 and then suddenly reduced to
nearly :ero so that the atoms essentially
expanded ballistically. A field gradient re-
mains that suipports the atoms against grav-
ity to allow longer expansion times. Al-
though this approach provides small trans-
verse restoring forces, these are easily taken
into account in the analysis. After a 60-ms
expansion, the spatial distribution of the
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before the appearance of the condensate. (B) just after the appearance of the
condensate, and (C) after further evaporation has left a sample of nearly pure
condensate. The circular pattern of the noncondensate fraction (mostly yellow
and green) is an indication that the velocity distribution s isotropic, consistent

with thermal equilibrium. The condensate fraction (mostly blue and white) is
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tion. The field of view of each image is 200 Jm by 270 ipm. The observed
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to a beam waist of 30 mm. This caused 7 MHz (350 mK)
of light shift potential at the origin. Heating due to photon
scattering was suppressed by using far-off-resonant light,
and by the fact that the atoms are repelled from the region
where the laser intensity is highest.
The experimental setup was similar to that described

in our previous work [9]. Typically, within 2 s 109

atoms in the F ≠ 1, m

F

≠ 21 state were loaded into a
magnetic trap with a field gradient of 130 Gycm; the peak
density was , 1011 cm23, the temperature , 200 mK,
and the phase-space density 106 times lower than required
for BEC. The lifetime of the trapped atoms was ,
30 s, probably limited by background gas scattering at a
pressure of , 1 3 10211 mbar.
The magnetically trapped atoms were further cooled

by rf-induced evaporation [8,9,13]. rf-induced spin flips
were used to selectively remove the higher-energy atoms
from the trap resulting in a decrease in temperature for
the remaining atoms. The total (dressed-atom) potential
is a combination of the magnetic quadrupole trapping
potential, the repulsive potential of the plug, and the
effective energy shifts due to the rf. At the point where
atoms are in resonance with the rf, the trapped state
undergoes an avoided crossing with the untrapped states
(corresponding to a spin flip), and the trapping potential
bends over. As a result, the height of the potential barrier
varies linearly with the rf frequency. The total potential is
depicted in Fig. 1. Over 7 s, the rf frequency was swept
from 30 MHz to the final value around 1 MHz, while the
field gradient was first increased to 550 Gycm (to enhance
the initial elastic-collision rate) and then lowered to 180
Gycm (to avoid the losses due to inelastic processes at the
final high densities).
Temperature and total number of atoms were deter-

mined using absorption imaging. The atom cloud was
imaged either while it was trapped or following a sud-
den switch-off of the trap and a delay time of 6 ms.
Such time-of-flight images displayed the velocity dis-
tribution of the trapped cloud. For probing, the atoms

FIG. 1. Adiabatic potential due to the magnetic quadrupole
field, the optical plug, and the rf. This cut of the three-
dimensional potential is orthogonal to the propagation direction
(y) of the blue-detuned laser. The symmetry axis of the
quadrupole field is the z axis.

were first pumped to the F ≠ 2 state by switching on a
10 mWycm2 laser beam in resonance with the F ≠ 1 !
F ≠ 2 transition. 10 ms later the atoms were concur-
rently exposed to a 100 ms, 0.25 mWycm2 probe laser
pulse in resonance with the F ≠ 2 ! F ≠ 3 transition,
propagating along the trap’s y direction. This probe laser
beam was imaged onto a charge-coupled device sensor
with a lens system having a resolution of 8 mm. Up to
100 photons per atom were absorbed without blurring the
image due to heating.
At temperatures above 15 mK the observed trapped

clouds were elliptical with an aspect ratio of 2:1 due to the
symmetry of the quadrupole field. At the position of the
optical plug they had a hole, which was used for fine align-
ment. A misalignment of the optical plug by , 20 mm
resulted in increased trap loss and prevented us from cool-
ing below 50 mK. This is evidence that the Majorana spin
flips are localized in a very small region around the center
of the trap. At temperatures below 15 mK, the cloud sepa-
rated into two pockets at the two minima in the potential of
Fig. 1. The bottom of the potential can be approximated
as a three-dimensional anisotropic harmonic oscillator po-
tential with frequencies v
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0 d 2 1g, wherem is the atom’s magnetic

moment, m the mass, B

0 the axial field gradient, w0 the
Gaussian beam waist parameter (1ye

2 radius) of the opti-
cal plug, and x0 the distance of the potential minimum from
the trap center. x0 was directly measured to be 50 mm by
imaging the trapped cloud, w0 (30 mm) was determined
from x0, the laser power (3.5 W), and B

0 (180 Gycm).
With these values the oscillation frequencies are 235, 410,
and 745 Hz in the y, z, and x directions, respectively.
When the final rf frequency nrf was lowered below

0.7 MHz, a distinctive change in the symmetry of the
velocity distribution was observed [Figs. 2(a) and 2(b)].
Above this frequency the distribution was perfectly spher-
ical as expected for a thermal uncondensed cloud [14]. Be-
low the critical frequency, the velocity distribution con-
tained an elliptical core which increased in intensity when

FIG. 2 (color). Two-dimensional probe absorption images,
after 6 ms time of flight, showing evidence for BEC. (a) is
the velocity distribution of a cloud cooled to just above the
transition point, (b) just after the condensate appeared, and
(c) after further evaporative cooling has left an almost pure
condensate. (b) shows the difference between the isotropic
thermal distribution and an elliptical core attributed to the
expansion of a dense condensate. The width of the images
is 870 mm. Gravitational acceleration during the probe delay
displaces the cloud by only 0.2 mm along the z axis.

3970

VOLUME 75, NUMBER 22 P HY S I CA L REV I EW LE T T ER S 27 NOVEMBER 1995

to a beam waist of 30 mm. This caused 7 MHz (350 mK)
of light shift potential at the origin. Heating due to photon
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and by the fact that the atoms are repelled from the region
where the laser intensity is highest.
The experimental setup was similar to that described
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30 s, probably limited by background gas scattering at a
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the remaining atoms. The total (dressed-atom) potential
is a combination of the magnetic quadrupole trapping
potential, the repulsive potential of the plug, and the
effective energy shifts due to the rf. At the point where
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undergoes an avoided crossing with the untrapped states
(corresponding to a spin flip), and the trapping potential
bends over. As a result, the height of the potential barrier
varies linearly with the rf frequency. The total potential is
depicted in Fig. 1. Over 7 s, the rf frequency was swept
from 30 MHz to the final value around 1 MHz, while the
field gradient was first increased to 550 Gycm (to enhance
the initial elastic-collision rate) and then lowered to 180
Gycm (to avoid the losses due to inelastic processes at the
final high densities).
Temperature and total number of atoms were deter-

mined using absorption imaging. The atom cloud was
imaged either while it was trapped or following a sud-
den switch-off of the trap and a delay time of 6 ms.
Such time-of-flight images displayed the velocity dis-
tribution of the trapped cloud. For probing, the atoms

FIG. 1. Adiabatic potential due to the magnetic quadrupole
field, the optical plug, and the rf. This cut of the three-
dimensional potential is orthogonal to the propagation direction
(y) of the blue-detuned laser. The symmetry axis of the
quadrupole field is the z axis.

were first pumped to the F ≠ 2 state by switching on a
10 mWycm2 laser beam in resonance with the F ≠ 1 !
F ≠ 2 transition. 10 ms later the atoms were concur-
rently exposed to a 100 ms, 0.25 mWycm2 probe laser
pulse in resonance with the F ≠ 2 ! F ≠ 3 transition,
propagating along the trap’s y direction. This probe laser
beam was imaged onto a charge-coupled device sensor
with a lens system having a resolution of 8 mm. Up to
100 photons per atom were absorbed without blurring the
image due to heating.
At temperatures above 15 mK the observed trapped

clouds were elliptical with an aspect ratio of 2:1 due to the
symmetry of the quadrupole field. At the position of the
optical plug they had a hole, which was used for fine align-
ment. A misalignment of the optical plug by , 20 mm
resulted in increased trap loss and prevented us from cool-
ing below 50 mK. This is evidence that the Majorana spin
flips are localized in a very small region around the center
of the trap. At temperatures below 15 mK, the cloud sepa-
rated into two pockets at the two minima in the potential of
Fig. 1. The bottom of the potential can be approximated
as a three-dimensional anisotropic harmonic oscillator po-
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the trap center. x0 was directly measured to be 50 mm by
imaging the trapped cloud, w0 (30 mm) was determined
from x0, the laser power (3.5 W), and B

0 (180 Gycm).
With these values the oscillation frequencies are 235, 410,
and 745 Hz in the y, z, and x directions, respectively.
When the final rf frequency nrf was lowered below

0.7 MHz, a distinctive change in the symmetry of the
velocity distribution was observed [Figs. 2(a) and 2(b)].
Above this frequency the distribution was perfectly spher-
ical as expected for a thermal uncondensed cloud [14]. Be-
low the critical frequency, the velocity distribution con-
tained an elliptical core which increased in intensity when

FIG. 2 (color). Two-dimensional probe absorption images,
after 6 ms time of flight, showing evidence for BEC. (a) is
the velocity distribution of a cloud cooled to just above the
transition point, (b) just after the condensate appeared, and
(c) after further evaporative cooling has left an almost pure
condensate. (b) shows the difference between the isotropic
thermal distribution and an elliptical core attributed to the
expansion of a dense condensate. The width of the images
is 870 mm. Gravitational acceleration during the probe delay
displaces the cloud by only 0.2 mm along the z axis.
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Permanent magnet trap for cold atoms
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We report the trapping of neutral atoms in a permanent magnet trap. Approximately 1X10 ground-state
lithium atoms have been confined in a nonzero magnetic-field minimum produced by six permanent magnets
in an Ioffe configuration. These atoms have a kinetic temperature of 1.1 mK and a peak density of approxi-
mately 3 X 10 cm . The trapped-atom lifetime is 240 s, limited by collisions with background gas. This trap
provides an environment in which quantum-statistical effects, atomic collisions, and other ultralow-temperature
phenomena can be studied.

PACS number(s): 32.80.Pj, 03.75.Fi

The past decade has seen steady progress in neutral-atom
trapping with a resulting improvement in the production of
dense, ultracold atomic vapors. These vapors have been use-
ful for both high-resolution spectroscopy and investigations
of ultracold atom collisions [1].Further significant increases
in cold-atom densities will allow the observation and study
of quantum-statistical effects of weakly interacting particles,
such as Bose-Einstein condensation and anomalous light
scattering. We report a significant advance in neutral-atom
trapping by confining spin-polarized Li atoms in a perma-
nent magnet trap. Permanent magnet traps have been pro-
posed [2] as a means for providing tightly confining poten-
tials helpful in achieving high atomic densities [3].The use
of permanent magnets can produce high field strengths and
gradients comparable to those of superconducting magnet
traps but with reduced complexity and greater optical access.
Recently, a magneto-optical trap using two permanent

magnet disks to produce the required quadrupole field was
demonstrated [4] and a few atoms were observed to remain
trapped around the magnetic field zero when the trap laser
beams were blocked. The permanent magnet trap described
here uses an arrangement of magnets in an Ioffe configura-
tion [5], which features a nonzero magnetic-field minimum.
Atoms are trapped about this minimum through the interac-
tion of their total magnetic moment with the trap's magnetic
field. The nonzero minimum prevents trap-loss-producing
spin-fiip (Majorana) transitions, which can occur as atoms
pass through or near a field zero [6,7].
As shown in Fig. 1, the trap consists of six axially mag-

netized, cylindrical, permanent magnets symmetrically posi-
tioned and aligned along three mutually orthogonal axes. The
four magnets in the x-y plane are oriented to produce a quad-
rupole field, while the two magnets along the z axis generate
a dipole field. For atoms in the proper spin state, the resulting
potential has a minimum at the trap center and has relatively
low potential barriers, or "thresholds, " along the four axes
that pass through the center and between magnet tips of like
sign. The magnets are supported by a nickel-plated iron yoke
that recycles the magnetic flux, helping to increase the bias
field and field gradients. The magnets are nickel-plated, 27-
MG Oe energy-product, neodymium-iron-boron (Nd-Fe-B)
magnets, measuring 2.54 cm long by 2.22 cm diameter and
positioned in the yoke with a tip-to-tip spacing of 4.45 cm.

The nickel plating of the magnets and the yoke prevents
corrosion and provides ultrahigh-vacuum compatibility. Nd-
Fe-B can have a remnant magnetization as high as 12 kG,
and with an intrinsic coercivity of 18 kOe is highly resistant
to demagnetization. Each trap magnet has a surface magne-
tization of 5 kG. By comparison, a coil of like dimensions
must carry nearly 9 kA turns of current to generate this field.
Such a current density is impractical for conventional con-
ductors. Superconducting coils can easily generate current
densities of this magnitude, but at the cost of increased size
and complexity.
The high intrinsic coercivity of the Nd-Fe-B magnets al-

lows the fields to be accurately calculated with a simple
model. By assuming a uniform magnetization M directed
along the magnet axis, each magnet can be modeled by a
uniform magnetic pseudo-surface-charge density on its inner
face of n. M, where n is the outward normal of the magnet.
The outer faces of the magnets make a negligible contribu-
tion to the trap field because of the presence of the yoke. The
scalar potential y(r) and magnetic field B(r) at a position
r in the trapping region are given by

~ALII +

~[ps

FIG. 1. Diagram showing the orientation and placement of the
cylindrical trap magnets for the permanent magnet, Ioffe configu-
ration trap. The letters indicate the inner tip magnetizations of the
Nd-Fe-B cylinder magnets, N for north and S for south. The tip-to-
tip magnet spacing is 4.45 cm. The structure around the magnets is
an iron yoke that supports the magnets and provides low reluctance
paths for the Aux to follow between magnets of opposite sign.
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FIG. 2. Spatial profiles of trapped ultracold 7Li gas. The
vertical axis gives the magnitude of the phase-contrast signal
intensity relative to the probe intensity. The data points are
taken from observed images. The solid curves are calculated by
fitting Bose-Einstein distributions to the data, the short-dashed
curves are the same distributions with the condensate atoms
removed, and the long-dashed curves are classical (Gaussian)
distributions fit to the tails of the data. The calculated signals
are convolved with a Gaussian function to account for the
limited resolution of the imaging system, assuming an effective
resolution of 4 mm. For the data in (a), the probe detuning was
1191 MHz, and the fitted distribution has 9.0 3 104 atoms at
a temperature of 309 nK. The number of condensate atoms
is ,1, indicating that the gas is just approaching degeneracy.
In (b) a sequence of profiles that exhibits condensate peaks
is shown. From the strongest to weakest signals, the total
number of atoms and fitted temperatures are 1.01 3 105 atoms
at 304 nK; 2.6 3 104 atoms at 193 nK; and 6.6 3 103 atoms at
122 nK. The corresponding numbers of condensate atoms are
500, 810, and 270, respectively. The probe detuning for these
data was 2130 MHz.

and a Gaussian function for the condensate. The solid lines
in Fig. 2 show the results of the fits.
For temperatures sufficiently greater than the critical

temperature T

c

, the gas can be described by the Boltz-
mann distribution, which predicts a Gaussian density
profile. The long-dashed lines in Fig. 2 are Gaussian
functions fit to the tails of the distributions, which approxi-
mate the data only in Fig. 2(a). Figure 2(b) shows three
distributions for which T , T

c

. For these distributions,
the density is distinctly non-Gaussian, due to an enhanced
central peak. Comparison between Fig. 2(a) and the
upper curve in Fig. 2(b) is striking, as these distributions
correspond to nearly the same temperature, but differ
by about 10% in number. The short-dashed curves
in Fig. 2(b) show the calculated distributions with the

condensate contribution subtracted. As comparison of
the short-dashed and solid curves indicates, the increase
in peak signal is caused by both condensed and noncon-
densed atoms. The contribution of the noncondensed
atoms is significant for the upper curve, but at lower
temperatures, the contribution of the condensate makes up
most of the enhanced peak.
Analysis of the data is complicated by the fact that the

condensate size is on the order of the imaging resolution.
The resolution can be included in the fit by convolving the
theoretical signal with the point transfer function (PTF)
of the imaging system [23]. The PTF is calculated by
analyzing the propagation of light through the system,
given the known lens geometry. In order to test this
calculation, we used the system to image laser light
emerging from an optical fiber. The intensity distribution
of the light in the fiber is Gaussian with a 1ye radius of
1.2 mm, so that it approximates a point source. Fig. 3
shows cross sections of the images obtained with the
system focused at two different points. The narrower
peak shown has a 1ye radius of 3.0 mm, as compared with
2.5 mm expected for a diffraction-limited lens (dotted
line). The curves are the results of convolving the fiber
source with the calculated PTF.
Since the images of the atom cloud are produced

by coherently diffracted light, the PTF convolution is
performed on the electric field. The results of the coherent
field convolution indicate that the primary effect of the
coherence is to reduce the importance of the tail of
the PTF, because the phase of the field in the tail
is rapidly varying. In addition, the PTF depends on
where the imaging system is focused, as Fig. 3 shows.
When imaging the atom cloud, the focal position can be
determined to 6200 mm by observing image distortions
which occur when the system is further off focus. Given
this uncertainty, and the unimportance of the tail, the
PTF convolution is well approximated by an incoherent
convolution of the image intensity with a Gaussian
function of appropriate 1ye radius R. The experimental
range of focal positions corresponds to values of R

ranging from 2.5 to 5 mm. This uncertainty in the
effective resolution is the dominant source of error in our
determination of N0.
We have observed degenerate conditions for T be-

tween 120 and 330 nK, and for N between 6800 and
135 000 atoms. In all cases, N0 is found to be relatively
small. Fitting with R ≠ 5 mm, the maximum N0 ob-
served is about 1300 atoms. This value drops to 1000 for
R ≠ 4 mm, and to 650 for R ≠ 2.5 mm. No systematic
effects were observed as either the sign or magnitude of
the detuning or the polarizer angle were varied, confirm-
ing the relations given in Eqs. (1) and (2).
In the analysis, we have assumed that the gas is

ideal, but interactions are expected to alter the size
and shape of the density distribution. Mean-field theory
predicts that interactions will reduce the 1ye radius of
the condensate from 3 mm for low occupation number
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