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separation, the pair makes a Landau–Zener transition to
a molecular state correlating with 

 

S

 

1/2

 

 + 

 

P

 

1/2

 

 atomic
states. The atoms share the fine-structure energy differ-
ence, 

 

∆

 

E

 

FS

 

, which leads to escape when 

 

E

 

T

 

 < 1/2

 

 ∆

 

E

 

FS

 

.

For alkali atoms, these trap loss collision processes
have been studied for Na [2, 3], Cs [4], Rb [5 - 7], and
recently for Li [8, 9]. Li is unique among the alkali atoms
in that 

 

∆

 

E

 

FS

 

 (0.48 K) is in the range of trap depths readily
achievable by a MOT, enabling a separation of loss due
to RE from FS [8, 9]. For the case 

 

E

 

T

 

 < 1/2

 

 ∆

 

E

 

FS

 

, varia-
tion of the trap depth can be used to study both loss
mechanisms, while for 

 

E

 

T

 

 > 1/2

 

 ∆

 

E

 

FS

 

, the FS mecha-
nism is suppressed as a loss mechanism, and radiative
escape collisions may be studied. In both regimes, more
precise comparison with theory is possible.

Trap depth is, therefore, a critical parameter for
understanding trap loss. It is an oversimplification,
however, to describe the trap depth by a single value 

 

E

 

T

 

,
since the depth of an optical trap is likely to be different
for atomic motion along different directions, relative to
the trap laser beams. Efforts have been made to calcu-
late trap depth, or equivalently, escape velocity [10],
but directional dependence has not been properly
accounted for. In this paper, a three-dimensional model
that includes all relevant atomic levels is presented. The
model is applied to recent observations of trap loss for

 

7

 

Li in a four-beam tetrahedral MOT [8] and in a six-
beam MOT [9]. The measured loss rate coefficients are
compared with a semiclassical theory [11], in which
trap depth is taken into account. Accurate measure-
ments of trap loss rates for Li are important because
accurate comparisons with theory are facilitated by rel-
atively well-known Li

 

2

 

 molecular potentials, which are
reliably determined by 

 

ab initio

 

 calculation [12]. 

 

1. INTRODUCTION

Laser-cooling techniques are capable of producing
samples of atoms at temperatures and densities that
were previously unattainable. At ultralow temperatures
(

 

�

 

1 K), collisions between atoms exhibit unique and
interesting features. Unlike collisions at higher temper-
atures, ultracold collisions are significantly influenced
by the long-range part of the interaction potential. For
collisions involving excited states, such as those occur-
ring in magnetooptical atom traps, the collision dura-
tion can be comparable to the excited-state radiative
lifetime. Therefore, photoexcitation/deexcitation pro-
cesses are important. Investigations of collisions that
cause atoms to be ejected from the trap provide insight
into radiative processes of atoms interacting at long
range and enhance our understanding of effects that
fundamentally limit the attainment of higher trapped
atom densities. 

Two exoergic two-body collision mechanisms, radia-
tive escape (RE) and fine-structure changing collisions
(FS), have been identified to explain the loss of trapped
alkali atoms from a magnetooptical trap (MOT) [1]. In
both cases, an atom pair, both in the atomic 

 

S

 

1/2

 

 ground
state and in close proximity (~1000 Å), absorb a near-
resonant trap laser photon. They may interact via the
attractive 

 

R

 

−

 

3

 

 resonant dipole interaction, causing them
to accelerate toward each other. Since the collision
duration may be comparable to the radiative lifetime,
the atom pair may radiate a photon during the collision,
which is less energetic than the trap laser photon by an
amount 

 

∆

 

E

 

. If 1/2

 

 ∆

 

E

 

 is greater than the trap depth 

 

E

 

T

 

,
the atoms gain sufficient energy to escape the trap, pro-
ducing an RE trap loss event. In the FS mechanism, the
atom pair is initially excited to a molecular state corre-
lating with 

 

S

 

1/2

 

 + 

 

P

 

3/2

 

 atomic states. At small interatomic
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Abstract

 

 – We present experimental measurements of the rate of loss of ultracold 

 

7

 

Li from a magnetooptical
trap (MOT) produced by collisions between the trapped atoms. The loss rate was measured for a range of trap
laser intensities and detunings. Since fine-structure changing collisions may be suppressed as a loss mechanism
in Li, it is possible to isolate the loss due to that mechanism from the radiative escape mechanism. The measured
rates are compared with recent theoretical calculations. Relatively good agreement is found for the magnitude
of the loss rate, but there is disagreement as to the qualitative dependence on trap laser detuning and intensity.
In many respects, Li is ideal for comparisons of trap loss measurements with theory, since the interatomic
potentials for Li are relatively well known. We also present a realistic calculation of trap depth, or equivalently,
escape velocity. This fully three-dimensional calculation incorporates all relevant atomic levels. We demon-
strate that accurate knowledge of the trap depth is essential for quantitative comparisons of experimental loss
rate measurements with theory. 
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2. TRAP DEPTH MODEL

A MOT consists of four or more near-resonant laser
beams that provide for dissipation of the atomic kinetic
energy and, when combined with an inhomogeneous
magnetic field, produce a restoring force in the three
orthogonal directions [13]. In our trap depth model, the
classical equations of motion for an atom in the com-
bined laser and magnetic fields of the trap are inte-
grated to determine its trajectory in the three spatial
dimensions. The trap depth is defined by 

 

E

 

T

 

 = 1/2

 

 m

 

,
where 

 

v

 

e

 

 is the maximum velocity that may be
imparted to an atom initially at trap center for it to
remain trapped. It should be emphasized that the trap
depth is determined by dissipative rather than conserva-
tive forces in a MOT. This same model can be used to
calculate the capture velocity of a MOT [10]. 

The force on an atom, 

 

F

 

(

 

x

 

, 

 

v

 

) (quantities in bold
typeface are three-dimensional vectors), at a time 

 

t

 

,
position 

 

x

 

(

 

t

 

), and velocity 

 

v

 

(

 

t

 

) is calculated by summing
the individual contributions to the force produced by
each trap laser beam. Only Doppler cooling forces [14]
are considered, while stimulated or dipole forces and
forces arising from multiphoton excitation are
neglected. Also neglected are polarization gradient
forces since they are small for velocities as large as 

 

v

 

e

 

.
The force contributed by the 

 

i

 

th laser beam is 

 

F

 

i

 

 = 

 

�

 

k

 

i

 

, (1)

where 

 

k

 

i

 

 is the wave vector of the 

 

i

 

th laser beam; 

 

n

 

' and

 

n

 

 refer to ground-state and excited-state sublevels,
respectively; and 

 

R

 

i

 

(

 

n

 

', 

 

n

 

) is the stimulated rate from
level 

 

n

 

' to level 

 

n

 

, due to the 

 

i

 

th laser beam. For a given 

 

x

 

,
the populations 

 

ρ

 

n

 

, where 

 

n

 

 refers here to any atomic
level, are calculated in steady state, for which

(2)

The sum extends over all atomic levels. The total stim-
ulated rate from level 

 

n

 

' to level 

 

n

 

 due to all laser beams
is 

 

R

 

(

 

n

 

', 

 

n

 

) = . 

 

A

 

(

 

n

 

, 

 

n

 

') is the branching ratio
for spontaneous decay from level 

 

n

 

 to level 

 

n

 

', which is
equal to zero when 

 

n

 

 is a ground level and 

 

Γ

 

 is the spon-
taneous decay rate of the excited state. The 

 

ρ

 

n

 

 are nor-

malized such that  = 1. 

The basis states are chosen to be eigenstates of a
Hamiltonian 

 

H

 

 that consists of terms representing the
unperturbed atom, including hyperfine interactions,
and the interaction of the atomic magnetic dipole
moment with the local magnetic field 

 

B

 

(

 

x

 

). Both the
direction and magnitude of 

 

B

 

(

 

x

 

) vary with position.
The field is calculated using the fifth-order series
expansion of the magnetic field produced by two current

ve
2

Ri n' n,( ) ρn ' ρn−( )
n ' n,
∑

0 ρnR n n ',( )− ρnA n n',( )Γ−[
n'

∑=

ρn ' R n' n,( ) ρn ' A n ' n,( )Γ+ + ] .

Ri n' n,( )i∑

ρnn∑

 

loops in the anti-Helmholtz configuration [15]. In zero
magnetic field, the energy eigenstates are 

 

|ξ

 

, 

 

J

 

, 

 

I

 

, 

 

F

 

, 

 

m

 

F

 

〉

 

,
where 

 

ξ

 

 is the principal quantum number, 

 

J

 

 is the total
electronic angular momentum, 

 

I

 

 is the nuclear spin,

 

F

 

 is the total angular momentum, and 

 

m

 

F

 

 is the projec-
tion of 

 

F

 

 onto the quantization axis determined by the
local direction of 

 

B

 

(

 

x

 

). Diagonalizing 

 

H

 

 yields the
eigenvalues, 

 

E

 

n

 

(

 

B

 

), and the eigenstates expressed as
a superposition of the zero-field states: 

(3)

For simplicity, the labels 

 

ξ

 

 and 

 

I

 

 have been omitted. For

 

7

 

Li, 

 

I

 

 = 3/2, so there are eight 2

 

S

 

1/2

 

 ground-state levels,
and sixteen 2

 

P

 

3/2

 

 excited-state levels in the Hamiltonian
matrix. The trap laser frequencies are assumed here to
be near resonant with the 

 

S

 

1/2

 

 

 

 P

 

3/2 

 

transition,
although other transitions may be considered by simple
modification. 

Each laser beam and laser frequency component is
denoted by the subscript 

 

i

 

. A beam is defined by its
wave vector 

 

k

 

i

 

, intensity 

 

I

 

i

 

, frequency 

 

ω

 

i

 

, and polariza-
tion . The stimulated rate between two eigenstates of

 

H

 

 due to the 

 

i

 

th beam is [16]

(4)

where 

 

q

 

 = +1, 0, and 

 

−

 

1, and  signifies one of the

polarization basis states , , and  along the quan-
tization axis defined by the direction of 

 

B

 

(

 

x

 

). The pro-
jection of the laser polarization onto a basis state  is

 

ε

 

i

 

(

 

q

 

) = . The curly brackets signify a 6-

 

j

 

 symbol,
the following brackets signify a 3-

 

j

 

 symbol, 

 

¬

 

 is the
wavelength of the transition divided by 2

 

π

 

, and the
detuning from resonance is 

 

δ

 

i

 

(

 

n,

 

 

 

n

 

';

 

v

 

, 

 

B

 

) = 

 

ω

 

i

 

 

 

−

 

 

 

k

 

i

 

v

 

 

 

−
|

 

E

 

n

 

'

 

 

 

−

 

 

 

E

 

n

 

|

 

/

 

�

 

. 

 

R

 

i

 

 depends on position via the spatial
dependence of the intensity distribution of the laser
beam 

 

I

 

i

 

(

 

x

 

) and via 

 

B

 

(

 

x

 

). 

n B; 〉 α n J F mF B;, ,( ) J F mF, , 〉 .
F mF,
∑=

     

σq

= 6π¬2Ri n n' x;,( )
Ii x( )
� ωi

Γ 2⁄( ) 2

Γ 2⁄( ) 2 δi n n' v B,;,( )
2

+ 
 

α n' F' mF ' B;,( )* α n F mF B;,( )



F mF,

F ' m
F '

,

q

∑¥

ε¥ i q( ) 1−( )
F ' mF ' F+−( )

2F 1+( ) 2F' 1+( ) 2J' 1+( )

J ' F' I
F J 1

{ } F' 1 F
mF'− q mF 

 

¥

2

,

σq

σ+ π σ

σq

σi σq⋅
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3. EXPERIMENT

The six MOT laser beams are derived from a dye
laser that is frequency locked relative to a saturated
absorption feature of Li vapor in a heat pipe cell to pro-
vide a relative frequency reference and long-term fre-
quency stability. Both the 2

 

S

 

1/2

 

, 

 

F

 

 = 1  2

 

P

 

3/2

 

, 

 

F

 

 = 2
and 2

 

S

 

1/2

 

, 

 

F

 

 = 2  2

 

P

 

3/2

 

, 

 

F

 

 = 3 transitions ( Fig. 1) are
driven with equal intensity. The two frequency compo-
nents are the first-order sidebands obtained by fre-
quency modulating the laser beams at 406.4 MHz with an
electro-optical modulator. The detuning 

 

∆

 

 of the lower
sideband from the 2

 

S

 

1/2

 

, 

 

F

 

 = 2  2

 

P

 

3/2

 

, 

 

F

 

 = 3 resonance
frequency equals the detuning of the upper sideband from
the 2

 

S

 

1/2

 

, 

 

F

 

 = 1  2

 

P

 

3/2

 

, 

 

F

 

 = 2 resonance frequency. To
create a near spherically symmetric cloud of trapped
atoms, the intensity of the four radial beams are made
equal while the intensity of an axial beam is set at 60%
the intensity of a radial beam. The beam waist (1/

 

e

 

2

 

 inten-
sity radius) of each beam is 0.64 cm, and the beams are
apertured to a radius of 0.71 cm. A pair of anti-Helm-
holtz configured coils generates a magnetic field gradi-
ent of 30 G/cm in the axial direction and 15 G/cm in the
radial direction. The trap is loaded from a chirp-slowed
atomic beam [17]. The frequency chirp is generated
using a broadband traveling-wave electro-optic modu-
lator. The chirp-slowing beam may be chopped off
using an acousto-optic modulator to cease trap loading. 

    

     

 

A measurement of the trap loss rate is accomplished
by loading the trap, chopping off the chirp-slowing beam,
and then observing the decay in the trap fluorescence,
similar to the procedure described by Prentiss 

 

et al.

 

 [2].
Two mechanisms contribute to loss of trapped atoms:
collisions with hot background gas atoms and colli-
sions among trapped atoms [1]. The rate of change of
the number of trapped atoms 

 

N

 

 is given by 

, (5)

where 

 

n

 

 is the density distribution of trapped atoms,

 

γ

 

 is the rate of loss from background gas collisions, and

 

β

 

 is the rate of two-body trap loss collisions. 
The number of excited-state atoms in the cloud of

trapped atoms is measured by detecting their trap laser-
induced fluorescence with a calibrated silicon photo-
diode. The number of ground-state atoms can then be
calculated using (2) for the steady-state populations.
The density distribution is found by imaging the cloud
with a CCD video camera. For all trap conditions, the
cloud is observed to be Gaussian in shape. However,
the size of the cloud size grows with increasing 

 

N

 

, pre-
sumably because of the increased optical thickness of
the cloud and the reabsorption of fluorescence [18, 19].
Empirically, the Gaussian parameters vary with 

 

N

 

 as 

(6)

where 

 

i

 

 refers either to the axial (

 

A

 

) or radial (

 

R

 

) dimen-
sion and 

 

N

 

o

 

 is the initial number of atoms. The param-
eters 

 

a

 

i

 

 and 

 

b

 

i

 

 are measured for each combination of trap
laser detuning 

 

∆

 

 and intensity 

 

I

 

. With these assumptions,
the integral in (5) reduces to 

 

N

 

2

 

/((2

 

π

 

)

 

3/2

 

w

 

A

 

(

 

N

 

)

 

w

 

R

 

(

 

N

 

)

 

2

 

).
Depending on 

 

∆

 

 and 

 

I

 

, the maximum density 

 

n

 

o

 

 ranges
between 2 

 

×

 

 10

 

9

 

 cm

 

−

 

3

 

 and 5 

 

×

 

 10

 

10

 

 cm

 

−

 

3

 

, and 

 

w

 

R

 

 and 

 

w

 

A

 

are initially between 100 

 

µ

 

m and 900 

 

µ

 

m. For most of
the 

 

∆

 

, 

 

I

 

 combinations, 

 

w

 

R

 

 

 

≈

 

 

 

w

 

A

 

 to within 20% for all 

 

N

 

.
In most cases, 

 

b

 

i

 

/

 

a

 

i

 

 < 0.5, and in all cases, 

 

b

 

i

 

/

 

a

 

i

 

 < 0.8. 

Our observation that the trapped atom cloud
remains Gaussian in shape at the highest densities
observed is contrary to previous investigations [19, 20].
In those investigations, the central density was
observed to be uniform at the highest densities due to
effects caused by the optical thickness of the trapped
atom cloud. Our maximum density of 5 

 

×

 

 10

 

10

 

 cm

 

−

 

3

 

 is
comparable to the maximum observed by other groups.
Apparently, the differences must be ascribed to differ-
ences in the trapping characteristics of lithium com-
pared with the other alkali species or to differences in
our experimental setup. Unlike the other experiments,
we made no effort to shield the Earth’s magnetic field,
which likely inhibits sub-Doppler cooling mechanisms.
The restoring force produced by the usual Doppler
radiative force is weaker than that provided by sub-
Doppler mechanisms [20], leading to a larger trap that

dN
dt

γN− β n2d3x
all space

∫−=

wi N t( )( ) ai bi

N t( )
No

,+=

 

10 GHz

671 nm

0
1

2

3

2.8 MHz
5.9 MHz

9.3 MHz
2

 

P

 

3 / 2

 

2

 

P

 

1 / 2

 

2

 

S

 

1 /2

 

1

2

 

7

 

Li

 

F

 

803.5 MHz

 

Fig. 1.

 

 Energy levels of the 2

 

S

 

1/2

 

 ground state and the 2

 

P

 

1/2

 

and 2

 

P

 

3/2

 

 excited states of 

 

7

 

Li. 
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requires more atoms to achieve the limiting density.
Second, our experiment was performed using trap laser
detunings and intensities that are generally higher than
those of other experiments. In our case, the fractional
absorption of the trap laser beam intensity is less,
thereby reducing the importance of optical thickness.
Kawanaka 

 

et al.

 

 [8] do observe a non-Gaussian density
distribution in a Li tetrahedral MOT, but only for
trapped atom cloud diameters exceeding 4 mm [21],
much larger than our cloud sizes. 

The population calculations were checked by mea-
suring the total trapped atom density using optical

 

absorption [2, 22]. In this measurement, a weak
(~500 nW/cm

 

2

 

) probe laser beam with a Gaussian
beam waist (1 /

 

e

 

2

 

 intensity radius) of ~ 100 

 

µ

 

m is
passed through the center of the trap. The frequency of
the probe is scanned through the 2

 

S

 

1/2

 

  2

 

P

 

1/2

 

 and
2

 

S

 

1/2

 

  2

 

P

 

3/2

 

 resonance frequencies while the
absorption of the beam is measured. To ensure that all
atoms are in the ground state, the trap beams are gated
off every 500 

 

µ

 

s for a duration of 50 

 

µ

 

s; the absorption
is measured during the off period. The fraction of the
probe beam that is transmitted is 

 

e

 

−σ∫

 

ndl

 

, where the inte-
gration is over the path of the probe beam and 

 

σ

 

 is the
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Fig. 2.

 

 Data corresponding to two-body trap loss collisions as a function of trap laser intensity for several trap laser detunings. The
open circles correspond to the average of ten, or in several cases, five trap decay measurements. The error bars signify the one stan-
dard deviation range for the multiple measurements. The dotted vertical line on each plot indicates the intensity for which the trap
depth model predicts fine-structure changing collisions no longer lead to losses from the trap. At higher intensities, only RE colli-
sions contribute to the total loss rate. The solid line is the result of a semiclassical, optical Bloch equation calculation of the RE
collisional loss rate provided by Julienne 

 

et al

 

. [11] and averaged over the anisotropic trap depth using the trap depth model. 
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excitation cross section. The beam waist of the probe
beam is accounted for in this calculation. The spatial
dimensions of the trapped atom cloud found using the
CCD camera combined with absorption measurements
yield the density distribution 

 

n

 

 and 

 

N

 

0

 

. The absorption
measurement provides a measurement of the density to
within an estimated uncertainty of a factor of two.
Combining the measurement of total trap fluorescence
with 

 

N

 

0

 

 yields the excited-state fraction. This procedure
for measuring the excited-state fraction was compared
with the calculated values from equation (2) for several
combinations of trap parameters. Agreement was found
to be within the measurement uncertainty. We believe
that the calculation provides more precise values for the
excited-state fraction than does the absorption mea-
surement, so the calculated values are used to extract
the loss rate coefficient from the data.

The high-resolution trapped atom absorption spec-
trum can also be used to verify the frequency detuning

 

∆

 

 of the trap laser locked to the Li vapor heat pipe. This
is accomplished by heterodyning a portion of both a
trap laser beam and the absorption probe tuned to the
2

 

S

 

1/2

 

, 

 

F

 

 = 2  2

 

P

 

3/2

 

, 

 

F

 

 = 3 feature on a fast silicon
photodiode and measuring the relative frequency dif-
ference. Frequency variations of the lasers produce a
relative uncertainty between the various values of 

 

∆

 

 of

 

±

 

1 MHz, while the estimated absolute uncertainty in

 

∆

 

 is 

 

±

 

2 MHz. 
Figure 2 shows data for four values of 

 

∆

 

 and a range
of 

 

I

 

, the total intensity in each of the two sideband fre-
quencies. The measured values of 

 

β

 

 are shown as open
circles. These represent the average of 10 data runs (or
five, in several cases), where 

 

β

 

 is found from each flu-
orescence decay curve by fitting equation (5). The
error bars represent one standard deviation from the
mean for the 10 data runs. The run-to-run variation is
primarily caused by fluctuations of the laser frequency
of ~0.5 MHz with a time constant of 1 - 2 s. The effect
of frequency fluctuations of this time scale can be min-
imized by lengthening the trap decay time 

 

γ

 

−1

 

, which is
determined by the rate of collisions with background
gas atoms. Most of the measurements were made with
a vacuum pressure of ~10

 

−

 

9

 

 Torr, for which 

 

γ

 

−1

 

 = 5 - 20 s,
depending on trap parameters. Some points at 

 

∆

 

 = 

 

−

 

4.1

 

Γ

 

were taken with a pressure of 10

 

−

 

10

 

 Torr, for which 

 

γ

 

−

 

1

 

 

 

≈

 

100 s. We found that aperturing the atomic beam to
block line-of-sight from the atomic beam oven nozzle
to the trapped atom cloud lengthens decay time. For the
same reason, the beam is operated at a relatively low
temperature (450 - 500

 

°

 

C) to reduce the beam flux.
Since thermal Li is observed to have a large bounce
probability on stainless steel and glass, the window in
direct line-of-sight of the beam was moved ~1 m down-
stream of the trap. We estimate that our uncertainty in 

 

β

 

from systematic effects, primarily the measurement of
the trapped atom cloud size, is 50%. 

Previously, we tried to measure trap loss rates in a
MOT loaded directly from the vapor of a cell [23].
Although Li can be successfully loaded into the trap by
operating the cell at ~ 200

 

°

 

C, two-body trap loss was
unobservable because of the large rate of background
gas collisions. 

4. DISCUSSION

Figure 3 displays calculated values of 

 

E

 

T

 

(

 

θ

 

, 

 

φ

 

) for a
six-beam MOT with 

 

I

 

 = 48 mW/cm

 

2

 

 and 

 

∆

 

 = 

 

−

 

2.3

 

Γ
(Γ

 

 = 2

 

π

 

 

 

×

 

 5.8 MHz) as a function of polar angle 

 

θ

 

 and
azimuthal angle 

 

φ

 

 in one-half of one octant. The six trap
beams propagate along (

 

θ

 

, 

 

φ

 

) = (0, 0), (180

 

°

 

, 0

 

°

 

), (90

 

°

 

, 0

 

°

 

),
(90

 

°

 

, 90

 

°

 

), (90

 

°

 

, 180

 

°

 

), and (90

 

°

 

, 270

 

°

 

). In this half
octant, 

 

E

 

T

 

 varies from less than 1/2

 

 ∆

 

E

 

FS

 

 (= 0.24 K)
along the axial direction, (0, 0), to greater than 0.8 K
along (62

 

°

 

, 45

 

°

 

). Several factors contribute to make the
axial direction the shallowest. First, the intensity of an
axial beam is only 60% of that of a radial beam. The
trap is operated with unequal beam intensities to ensure
near-spherical symmetry of the trap size. Second, and
most important, for an atom moving sufficiently fast,
the velocity-dependent detuning 

 

∆

 

 

 

−

 

 

 

k. v

 

 can be mini-
mized for an atom moving along a diagonal axis rather
than collinear with a trap beam axis. For an atom mov-
ing in a beam direction, for example, a laser detuning of

 

−

 

2.3

 

Γ

 

 is compensated by the Doppler shift for 

 

v

 

 

 

≈

 

 9 m/s,
a velocity that is considerably below the escape velocity
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Fig. 3.

 

 Angular variation of trap depth for a six-beam MOT
with detuning of 

 

−

 

2.3

 

Γ

 

 and intensity of 48 mW/cm

 

2

 

. The
other trap parameters are those of the actual trap used in the
experiment and described in the text. The horizontal axis is
the polar angle, 

 

θ

 

. 

 

E

 

T

 

 is shown for four azimuthal angles 

 

φ

 

contained in one-half of an octant of a sphere, which,
through symmetry, is sufficient to define 

 

E

 

T

 

 for the entire
sphere. The solid line at 1/2

 

 ∆

 

E

 

FS

 

/

 

k

 

B

 

 = 0.24 K separates the
region for which FS leads to trap loss from the region in
which FS is suppressed as a loss mechanism. 
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at 

 

∆

 

 = 

 

−

 

2.3

 

Γ

 

, for the entire range of 

 

I

 

 investigated. There-
fore, the maximum force should occur in directions min-
imizing the Doppler shift, such as in the (55

 

°

 

, 45

 

°

 

) direc-
tion. The slight deviation from this prediction evident
in Fig. 4 is due to the smaller intensity and greater mag-
netic field gradient in the axial direction. We find that a
larger field gradient results in a smaller trap depth, for
our range of parameters, since the field increases the
effective detuning further to the blue. 

Data for each of the four detunings represented in
Fig. 2 show that the measured loss rate is largest at
small intensities and initially decreases with increasing

 

I

 

 until reaching a distinct minimum, which occurs at a
different value of 

 

I

 

 for each detuning. We attribute this
loss rate minimum to the suppression of FS as a loss
mechanism, which occurs when 

 

E

 

T

 

 > 1/2

 

 ∆

 

E

 

FS

 

 [9], as was
also recently observed for 

 

7

 

Li by Kawanaka 

 

et al.

 

 [8]. At
higher values of 

 

I

 

, the loss is due entirely to RE. In the
RE regime, the loss rate is significantly smaller than at
lower intensities, where FS dominates. The dashed
vertical lines in Fig. 2 indicate the intensity where

 

E

 

T

 

 

 

≥

 

 1/2

 

 ∆

 

E

 

FS

 

 for all trajectory angles. At higher inten-
sities, FS is suppressed as a loss mechanism. A similar
suppression of ground-state hyperfine changing colli-
sions as a loss mechanism was observed by Sesko 

 

et al.

 

[4] and by Wallace 

 

et al.

 

 [6] in the case of Cs and Rb,
respectively. 

For the parameters of Fig. 3, 

 

E

 

T

 

 < 1/2

 

 ∆

 

E

 

FS

 

 for some
fraction of the trap solid angle. These directions are shal-
low enough to permit fine-structure changing collision
products to escape. For 

 

E

 

T

 

 greater than the horizontal line
shown in Fig. 3, FS is suppressed as a loss mechanism.
Thus, if the total rate of fine-structure changing collisions,

 

regardless of whether they produce loss, is 

 

B

 

FS

 

(

 

∆

 

, 

 

I

 

),
the corresponding measured loss rate is 

(7)

where 

 

Φ

 

(

 

x

 

) is 1 when 

 

x

 

 > 0 and 0 when

 

 x

 

 < 0. Equation (7)
predicts that 

 

β

 

FS

 

 decreases as a greater fraction of the
solid angle of the trap is closed to FS loss, as is
observed. Equation (7) combined with calculations of

 

E

 

T

 

(

 

θ

 

, 

 

φ

 

) may be used to fit the data of Fig. 2 in order to
extract 

 

B

 

FS

 

. 

 

B

 

FS

 

 is the fine-structure changing collision
rate, independent of trap depth, and is the quantity most
naturally compared with theory. In Fig. 4, the data are
replotted along with the results of such a fit for the
smallest three detunings. For each 

 

∆

 

, the best fit
assumes a constant 

 

B

 

FS

 

, independent of 

 

I

 

. We find 

 

B

 

FS

 

 =
3 

 

×

 

 10

 

−

 

10

 

 cm

 

3

 

/s for 

 

∆

 

 = 

 

−

 

2.3

 

Γ

 

, 

 

B

 

FS

 

 = 1 

 

×

 

 10

 

−

 

10

 

 cm

 

3

 

/s for

 

∆

 

 = 

 

−

 

2.9

 

Γ

 

, and 

 

B

 

FS

 

 = 5 

 

×

 

 10

 

−

 

11

 

 cm

 

3

 

/s for 

 

∆

 

 = 

 

−

 

3.5

 

Γ

 

.
The fits agree qualitatively with the data for all three
values of 

 

∆

 

. 
The observed 

 

I

 

 and 

 

∆

 

 dependence of 

 

B

 

FS

 

 are at odds
with the semiclassical theory of Julienne, Williams,
Dulieu, and Band (JWDB), although there is agree-
ment as to the order of magnitude [11]. In the absence
of trap depth effects, JWDB predict that 

 

B

 

FS

 

 increases
with increasing 

 

I

 

, as the product of the excited-state
fraction 

 

ρ

 

e

 

 and the ground-state fraction 1 

 

−

 

 

 

ρ

 

e

 

increases. We attempted to fit the data with a 

 

B

 

FS

 

 that
increases as 

 

ρ

 

e

 

(1 

 

−

 

 

 

ρ

 

e

 

), where 

 

ρ

 

e

 

 is calculated using
equation (2). The resulting loss rate coefficients 

 

β

 

FS

 

drop less steeply with 

 

I

 

 than do the data of Fig. 4.
We note that 

 

ρ

 

e

 

 calculated using equation (2) with all

βFS ∆ I,( )
BFS ∆ I,( )

4π
Φ ∆EF S ET θ φ,( )−( )dΩ,

4π
∫=

 

0 30 60 90 120
10

 

−

 

1

 

10

 

0

 

10

 

1

 

10

 

2

 

10

 

3

 

∆ = − 

 

3.5

 

Γ

 

Intensity (mW/cm

 

2

 

)

 

0 30 60 90 120
10

 

0

 

10

 

1

 

10

 

2

 

∆ = − 

 

2.9

 

Γ

 

10

 

3

 

0 30 60 90 120
10

 

0

 

10

 

1

 

10

 

2

 

∆ = − 

 

2.3

 

Γ

 

β

 

 (10

 

−

 

12

 

 cm

 

3

 

/s)

 

β

 

 (10

 

−

 

12

 

 cm

 

3

 

/s)

 

β

 

 (10

 

−

 

12

 

 cm

 

3

 

/s)

Intensity (mW/cm

 

2

 

)Intensity (mW/cm

 

2
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Fig. 4.

 

 Extraction of the total fine-structure changing rate coefficient 

 

B

 

FS

 

, independent of whether it leads to loss, for detunings 

 

∆

 

of 

 

−

 

2.3

 

Γ

 

, 

 

−

 

2.9

 

Γ

 

, and 

 

−

 

3.5

 

Γ

 

. The open circles represent the same data presented in Fig. 2. The triangles are the result of fitting the
data to equation (7). The measured loss rates, 

 

β

 

FS

 

, decrease with 

 

I

 

 as the fraction of the trap solid angle shallow enough to permit

atoms undergoing FS collisions to escape, diminishes. The rate coefficient 

 

B

 

FS

 

 is found to be 3 

 

×

 

 10

 

−

 

10

 

 cm

 

3

 

/s, 1 

 

×

 

 10

 

−

 

10

 

 cm

 

3

 

/s, and

5 

 

×

 

 10

 

−

 

11

 

 cm

 

3

 

/s, respectively, for the three detunings, independent of intensity. 
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24 relevant hyperfine levels agrees quite well with the
excited-state population of a two-level system, ,

(8)

with saturation intensity 

 

I

 

s

 

 = 7.6 mW/cm

 

2

 

. The value

 

I

 

s

 

 = 7.6 mW/cm

 

2

 

 corresponds to a resonant excitation
cross section of 4

 

π

 

¬

 

2

 

 and gives a saturation curve for

 

B

 

FS

 

 that is consistent with JWDB, Fig. 6 [11], for their
optical Bloch equation theory [24]. JWDB find that the
total rate of FS for Li is the sum of contributions from
the long-range, Hund’s case (c)  and 2

 

u

 

 molecular
states. They show that the intensity dependence for exci-
tation of each of the two molecular states is quite differ-
ent. From their Fig. 11, we conclude that 

 

I

 

s

 

 

 

≈

 

 3 mW/cm

 

2

 

for the  state and 

 

I

 

s

 

 > 100 mW/cm

 

2

 

 for the 2

 

u

 

 state,
because transitions from 2

 

u

 

 to the ground state are for-
bidden in the electric dipole approximation. Therefore,
we attempted to fit the data assuming the intensity
dependence of the excitation is that of the  state, that

is, with  evaluated with 

 

I

 

s

 

 = 3 mW/cm

 

2

 

. Again, the
fit does not fall as steeply with 

 

I

 

 as do the data. As
expected, accounting for the 

 

ρ

 

e

 

(1 

 

−

 

 

 

ρ

 

e

 

) factor causes the
fitted loss rate coefficient, 

 

β

 

FS

 

, to reach a maximum at
low intensity, at 

 

I

 

 = 9 mW/cm

 

2

 

 for 

 

∆

 

 = 

 

−

 

2.3

 

Γ

 

, and at

 

I

 

 = 12 mW/cm

 

2

 

 for 

 

∆

 

 = 

 

−

 

2.9 mW/cm

 

2

 

. The absence of
such a maximum in the data is troubling and will
require further investigation. Data were obtained for 

 

I

 

as low as 5 mW/cm

 

2

 

 for 

 

∆

 

 = 

 

−

 

2.3

 

Γ

 

, and 4.3 mW/cm

 

2

 

for 

 

∆

 

 = 

 

−

 

2.9

 

Γ

 

. At smaller 

 

I

 

, the atomic fluorescence is
too weak to acquire reliable data. 

The 

 

∆

 

 dependence of 

 

B

 

FS

 

 is significant and is strik-
ing in its disagreement with present theory. 

 

B

 

FS

 

 is found
to decrease by a factor of 6 as 

 

∆

 

 is changed from 

 

−

 

2.3

 

Γ

 

to 

 

−

 

3.5

 

Γ

 

, while JWDB predict a far smaller, ~60%,
decrease. With their theory, which neglects hyperfine
effects, JWDB find that 

 

B

 

FS

 

 depends weakly on 

 

∆

 

 for

ρe
2( )

ρe

2( ) I Is⁄

2I Is⁄ 4∆2 Γ2+ +
,=

0u
+

0u
+

0u
+

ρe

2( )

 

|∆|

 

 > 2

 

Γ

 

 but that 

 

B

 

FS

 

 should increase rapidly for 

 

|∆|

 

 < 2

 

Γ

 

due to contributions from the 2

 

u

 

 state. They discuss the

possibility that the relative contributions from the 
and 2

 

u

 

 states may be altered when hyperfine interac-
tions are accounted for [11]. In light of the present dis-
agreement, we look forward to the incorporation of
hyperfine effects into the theory. 

A comparison between experiment and theory for
the RE process provides a sensitive test of the validity
of the theory for this process and reinforces the impor-
tance of accurate knowledge of trap depth [9]. It has
been predicted that RE rates for Li depend much more
strongly on 

 

E

 

T

 

 than for other alkali species because
decay from attractive molecular states leading to RE is
symmetry forbidden, in the Hund’s case (a) region,
where the molecular interaction exceeds the relatively
weak fine-structure interaction [25]. In the Hund’s case
(a) region, the RE loss rates have been predicted to
scale as  [25]. We have fit the actual RE rates cal-
culated by JWDB for various values of 

 

E

 

T

 

 to a power

law, , for each of the four detunings. For each of the
detunings, the best fit is for 

 

a

 

 = 3.04, close to the pre-
dicted value of 17/6. Since 

 

E

 

T

 

 depends strongly on both

 

I

 

 and 

 

∆

 

, a useful comparison between experiment and
theory requires accurate knowledge of 

 

E

 

T

 

, including
trap depth anisotropy. Therefore, the calculated RE loss
rates shown in Fig. 2 as solid lines are averaged over all
directions as

, (9)

where 

 

β

 

0

 

 is calculated for a symmetric trap of depth 

 

E

 

0

 

.
We find, for 

 

E

 

0

 

 equal to the trap depth in the shallowest
direction, 

 

β

 

/

 

β

 

0

 

 = 0.22 

 

±

 

 0.02 and is relatively independent
of 

 

I

 

 and 

 

∆

 

. The calculated results shown in Fig. 2 assume
that the temperature of the trapped atoms is 1 mK,
based on the result of a single measurement using the
time-of-flight technique [26]. JWDB predict the loss
rate to be relatively insensitive to temperature in the
range 0.3 to 3 mK, the rate at 0.3 mK being approxi-
mately 60% of the rate at 3 mK [11]. 

Without the effect of 

 

E

 

T

 

, RE loss rates should rise
with intensity as the excited-state fraction increases.
However, when 

 

E

 

T

 

 is accounted for, the calculated loss
rates are nearly independent of 

 

I

 

. Theoretically, the
increase in loss rate due to a larger excited-state frac-
tion is compensated by an increase in trap depth. The
comparison between experiment and theory depicted in
Fig. 2 is good at low intensities near the fine-structure
turn-off, where the minimum trap depth is known
unambiguously. However, at higher intensities, the
measured loss rates clearly increase with 

 

I

 

, at odds with
JWDB’s calculations using our calculated values of 

 

E

 

T

 

.
As an example of the calculated intensity dependence
of 

 

E

 

T

 

, Fig. 5 shows 

 

E

 

T

 

 in the shallowest direction (along
the 

 

z

 

-axis) versus 

 

I

 

 for 

 

∆

 

 = 

 

−

 

3.5

 

Γ

 

. 

0u
+

ET
17 6⁄−

ET
a−

β
β0

4π
ET θ φ,( )

E0
 
 

a−

dΩ∫=
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Fig. 5.

 

 Calculated trap depth in the shallowest direction
(

 

z

 

-axis) of our six-beam MOT as a function of total trap
laser intensity for 

 

∆

 

 = 

 

−

 

3.5

 

Γ

 

. The horizontal line indicates
the depth 1/2

 

 ∆

 

E

 

FS

 

.
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Figure 6 shows an alternative comparison with the
data, where the effects of trap depth are neglected. The
solid lines represent the function 10

 

−

 

11

 

 cm

 

3

 

/s

 

 ρ

 

e

 

(1 

 

−

 

 

 

ρ

 

e

 

),
where 

 

ρ

 

e

 

 is the excited-state fraction calculated using
equation (2) and is a function of both 

 

I

 

 and 

 

∆

 

. This
model is consistent with the Gallagher–Pritchard
model [1], where the calculated loss rates vary by less
than a factor of 2 in the relevant range of detunings. In
addition, the radiative escape probability in the Gal-
lagher–Pritchard model is relatively insensitive to trap
depth since the time the atoms spend in the region of
small interatomic separation 

 

R

 

, where RE decay occurs,
is small compared to the radiative lifetime, and the radi-
ative decay rates are assumed to be independent of 

 

R

 

.
JWDB’s more sophisticated calculation accounts for the
variation of the radiative coupling strength with 

 

R

 

, lead-

ing to the strong  trap depth dependence for Li.
However, assuming the trap depth model is correct, the

ET
3−

 

intensity dependence of our data is more consistent
with the simpler model. The results of Kawanaka 

 

et al.

 

,
who use a different technique to vary trap depth, are
consistent, the RE loss rate being independent of trap
depth [8]. In their case, the trap depth was actually mea-
sured [22]. 

There is also a discrepancy between the observed
and calculated detuning dependence of the RE rates.
The observed loss rate coefficients are found to be rela-
tively insensitive to 

 

∆

 

, whereas the predicted rates are
approximately seven times smaller for 

 

∆

 

 = 

 

−

 

4.1

 

Γ

 

 than for

 

∆

 

 = 

 

−

 

2.3

 

Γ

 

 at 

 

I

 

 = 120 mW/cm

 

2

 

. In Fig. 7, the trap depth
corresponding to the shallowest direction (

 

z

 

-axis) is
plotted versus 

 

∆

 

 for 

 

I

 

 = 120 mW/cm

 

2

 

. From 

 

∆

 

 = 

 

−

 

2.3

 

Γ

 

to 

 

−

 

4.1

 

Γ

 

, 

 

E

 

T

 

 increases by a factor of 1.7, which should
suppress the RE loss rate by a factor of 5, relative to the
case where trap depth does not depend on detuning.
Therefore, most of the discrepancy is accounted for by

 

β

 

 (
10

 

−

 

12

 

 c
m

 

3

 

/s
)

Intensity (mW/cm

 

2
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Fig. 6.

 

 Comparison of measured RE rates (open circles) with the function 10

 

−

 

11

 

 cm

 

3

 

/s 

 

ρ

 

e

 

(1 

 

−

 

 

 

ρ

 

e

 

) (solid lines). This function assumes
that the RE rates have no trap depth dependence. 
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trap depth. This discrepancy might again be a manifesta-
tion of the neglect of hyperfine structure in the calcula-
tions or may indicate a breakdown of the 

 

E

 

T

 

 model at
larger detunings. The origin of these differences is not yet
understood. The large detuning range shown in Fig. 7 is
only meant to illustrate the trap depth model; the model
is expected to be inaccurate at the largest detunings
where a weaker trap spring constant invalidates the
assumption that atoms are released from the trap center.
As can be seen in Fig. 2, the intensity for which FS loss is
suppressed at the largest detuning is less accurately pre-
dicted by the trap depth calculation. The dimensions of the
trapped atom cloud are observed to increase for larger 

 

∆

 

,
and the spring constant is found to be insufficient to trap
atoms for the largest detunings shown in Fig. 7. 

Finally, we calculate the trap depth for the 

 

7

 

Li colli-
sional trap loss experiment of Kawanaka 

 

et al.

 

 [8]. Their
experimental setup differs in several respects from
ours: (1) they employ a tetrahedral four-beam MOT;
(2) the intensities of the two trap laser frequencies are
not equal; and (3) they rapidly modulate (500 kHz) the
trap beams on and off, so that 

 

E

 

T

 

 may be varied via the
chop duty cycle. They observe the suppression of FS for
a duty cycle of 70% and 

 

∆

 

 = 

 

−

 

8 MHz [8]. Our trap depth
model for this trap with a 100% duty cycle predicts that

 

E

 

T

 

/

 

k

 

B

 

 = 81 mK in the shallowest direction, which is too
low to suppress FS. However, if 

 

∆

 

 = 

 

−

 

22 MHz instead,
and if 70% duty cycle is assumed to be equivalent to a
continuous intensity of 70% of the maximum value, we
find good agreement with their observed trap depth.
(The authors of [8] now believe that the detuning in
their experiment may have been greater in magnitude
than 8 MHz but not as great as 22 MHz [21].) Figure 8
shows the calculated angular dependence of trap depth
of a four-beam MOT for 

 

∆

 

 = 

 

−

 

22 MHz. In the sextant
of the sphere shown, the trap lasers propagate through
the trap center along the (0, 0) and (109.5

 

°

 

, 0

 

°

 

) direc-
tions. An atom sees the deepest trap potential when its
velocity copropagates with a trap laser beam. As in the
model of the six-beam MOT, the shallowest directions
correspond to an atom counterpropagating with a trap
beam. The prediction that 

 

E

 

T

 

(0, 0)/

 

E

 

T

 

(90

 

°

 

, 30

 

°

 

) = 2
agrees with experiment [22]. In the four-beam MOT, an
atom can actually be accelerated out of the trap by three
of the beams when its initial velocity is greater than

 

|

 

3

 

∆

 

/

 

k

 

|

 

 and directed into the fourth beam. Using the the-
ory of JWDB and equation (9) for the effective trap
depth gives a value for 

 

β

 

 of 4.3 

 

×

 

 10

 

−

 

13

 

 cm

 

3

 

/s at a 100%
duty cycle, for 

 

∆

 

 = 

 

−

 

22 MHz, which agrees well with
their measured value of 4.5 

 

×

 

 10

 

−

 

13

 

 cm

 

3

 

/s (although at
their measured 

 

∆

 

 of 

 

−

 

8 MHz). As mentioned previously,
in the low-intensity regime, Kawanaka 

 

et al.

 

 observe the
RE rate to increase linearly with duty cycle [8], and they
also measure the trap depth to increase linearly with duty
cycle [22]. Therefore, both experiments are consistent
with weak trap depth dependence in the rate of RE. 

Recent work by Peters 

 

et al.

 

 in Rb using an indepen-
dent catalysis laser tuned red of the 

 

P

 

1/2

 

 level also
reports the observation of RE without FS [27]. 
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Fig. 7.

 

 Calculated trap depth in the shallowest direction (

 

z

 

-axis)
of our six-beam MOT as a function of 

 

∆

 

 for 

 

I

 

 = 120 mW/cm

 

2

 

.
The trap depth at the larger detunings is only illustrative of the
model predictions and is not expected to be accurate since the
spring-constant of the trap is insufficient to contain atoms to
dimensions small compared to the trap laser beam size. 
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Fig. 8.

 

 Angular variation of trap depth for the four-beam tet-
rahedral MOT described in [8] with 

 

∆

 

 = 

 

−

 

22 MHz. The total
intensity in the four beams is 30 mW/cm

 

2

 

 for the frequency
tuned near the resonance frequency of 

 

F

 

 = 2 ground-state
atoms and 10 mW/cm

 

2

 

 for the frequency tuned near the res-
onance frequency of 

 

F

 

 = 1 ground-state atoms. The horizon-
tal axis corresponds to the polar angle relative to the trap
beam that is along the symmetry axis of the field coils. The
trap depth is shown for four azimuthal angles that span one-
sixth of a sphere, which, by symmetry, gives 

 

E

 

T

 

 for the com-
plete surface area of the tetrahedral MOT. The field gradient
is 34 G/cm along the symmetry axis, and the laser polariza-
tions are circular, as defined in [8]. 
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5. CONCLUSION

We have presented a three-dimensional model of
trap depth that includes all relevant atomic levels and
applied this model to the analysis of radiative escape and
fine-structure changing trap loss collisions in 

 

7

 

Li. The
ability to suppress FS as a trap loss mechanism enables
the separation of the contributions of RE and FS. When
trap depth is taken into account, the semiclassical opti-
cal Bloch theory of [11] agrees well with the measured
RE rates at intensities and detunings where the trap
depth is known unambiguously by the turnoff of FS as
a loss mechanism. However, both the detuning and
intensity dependence of the FS and the RE rates are
inconsistent with current theory when trap depth is
either calculated (our experiment) or measured (exper-
iment of Kawanaka 

 

et al.

 

). In particular, the strong 
trap depth dependence predicted by theory for RE is not
observed. The origin of the discrepancies is not yet under-
stood and remains a challenge for future experimental
and theoretical work. In the future, we plan to extend our
work to 

 

6

 

Li to investigate the role that hyperfine interac-
tions may play in resolving these discrepancies. 

Finally, our investigations point out the necessity of
accurate knowledge of trap depth in order to make real-
istic comparisons between experiment and theory. The
depth of a MOT is a complicated function of all the
parameters of the trap, including trap laser detuning,
intensity, beam size, and magnetic field gradient, which
must be carefully measured or calculated for every
experimental setup. 
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