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We report the measurement of the rate constant for dipolar relaxation from the (F52, m F 52) hyperfine
state of 7 Li. The atoms are confined in a permanent magnet trap at a field of 103 G. The measured value of
(1.0560.10)310214 cm3 /s agrees well with theory. Additionally, we determine an upper bound for the
three-body molecular recombination rate constant of 10227 cm6 /s, which is also consistent with predictions.
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Ultracold atom collisions are important in many studies of
trapped atomic gases. For example, collisions between
ground-state atoms play a critical role in the evaporative
cooling process which was used to achieve Bose-Einstein
condensation ~BEC! of magnetically trapped, dilute atomic
gases @1–3#. During evaporation, elastic collisions drive the
gas towards thermal equilibrium while inelastic collisions
lead to loss of atoms from the trap. Thus, the ratio of elastic
to inelastic collision rates determines the efficiency of evaporative cooling. Knowledge of these rates facilitates the optimization of cooling so that the maximum increase in phasespace density is obtained @4,5#. Collisions also critically
influence the dynamical behavior of ultracold gases and of
BEC in particular. Condensate formation rates, decay rates,
coherence times, and many other dynamical properties are
governed by collisional interactions. Accurate measurements
of inelastic collision rate constants provide important feedback for theoretical models of these processes.
Inelastic collision rate constants can be determined from
the rate that atoms are lost from a trap. The four predominant
collisional loss mechanisms for magnetically trapped atoms
are ~i! collisions with background gas, ~ii! magnetic dipolar
relaxation, ~iii! spin exchange, and ~iv! three-body recombination. For the 7 Li BEC experiments described in Refs.
@2,6,7#, the atoms are confined in the doubly spin-polarized
(F52, m F 52) hyperfine state from which spin exchange is
impossible. Dipolar relaxation is the dominant loss mechanism at the very low background-gas pressures and relatively
low trapped-atom densities of these experiments. In this paper, we report the dipolar relaxation rate constant obtained
from trap-loss measurements of a nondegenerate gas of 7 Li.
The theory for dipolar relaxation collisions at low temperatures was initially developed for spin-polarized hydrogen @8,9#. The predicted rate constants for hydrogen are consistent with experimental measurements @10–12# and are of
order 10215 cm3 /s. However, the situation is less clear for
the alkali-metal elements. Recently, the measured value of
the dipolar relaxation rate constant for the doubly spinpolarized state of cesium was shown to depend strongly on
temperature due to the presence of a zero-energy resonance
@13#. The value was measured to be 4310212 cm3 /s at
8 m K, nearly three orders of magnitude larger than predicted @14#. Also, measurements of the spin relaxation rate of
near-room-temperature, spin-polarized rubidium vapor have
revealed a magnetic field dependence which is not yet understood @15#.
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Dipolar relaxation collisions arise from the magnetic
dipole-dipole interaction between the magnetic moments of
two colliding atoms @8#. The spatial and spin parts of the
two-body wave function are coupled by the interaction
Hamiltonian H dip}F1 •F2 /R 3 , where Fi is the total spin angular momentum of atom i and R is the interatomic distance.
One or both of the 7 Li atoms initially in the doubly spinpolarized (F52, m F 52) state can emerge from the collision in a different spin state. The Zeeman or hyperfine energy released is shared equally between the atoms since they
are nearly at rest initially. These collisions result in trap loss
if either of the atoms emerges in an untrapped high-fieldseeking spin state, or if the kinetic energy gained by the pair
is larger than the trap potential depth.
The trap loss rate of a freely evolving gas is
Ṅ52

E

d 3 r G ~ r! n ~ r! ,

~1!

where N is the total number of trapped atoms, n(r) is the
atom density at position r, and G(r) is the positiondependent loss rate. For the present experiment, the trap potential depth is much less than the energy liberated by dipolar relaxation or three-body recombination. Therefore, all
atoms participating in such collisions are ejected and G is
given by
G ~ r! 5G 1 12G 2 n ~ r! 13G 3 n 2 ~ r! ,

~2!

where G 1 , G 2 , and G 3 are the rate constants for
background-gas collisional loss, dipolar relaxation, and
three-body recombination, respectively. For a nondegenerate
gas in thermal equilibrium at temperature T, the density is
given by

S

m v̄ 2
n ~ r! 5N
2 p k BT

D

3/2

e 2u ~ r! /k B T ,

~3!

where m is the atomic mass, u(r)5 21 m( v 2x x 2 1 v 2y y 2
1 v 2z z 2 ) is the harmonic confining potential, and v̄
5( v x v y v z ) 1/3. Assuming this density distribution, Eq. ~1!
can be integrated to give the loss rate per trapped atom,
8
Ṅ
52G 1 22G 2 n̄2
G n̄ 2 ,
N
A3 3
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FIG. 1. Decay of the total number of trapped atoms N as a
function of free evolution time t after the completion of evaporation. Each data point is the mean of several measurements and the
error bars represent the standard deviation of the mean. The dotted
line is a fit to the empirical function N(t)5N 0 (11kt) g , giving
N 0 5(3.8860.09)3106 , k5(3.560.8)31022 s21, and g 5
20.5060.04.

where the average density n̄5N @ m v̄ 2 /(4 p k B T) # 3/2. The
rate constants G i are obtained from Eq. ~4! by determining N
and n̄ at different times as the gas evolves freely.
The apparatus used in this experiment has been described
previously @7#. The permanent magnet trap has a depth of 10
mK and a bias field of 1004 G at the trap center. Approximately 53108 7 Li atoms are directly loaded into the trap
from a laser slowed atomic beam using three-dimensional
laser cooling. The loading saturates in about 1 s due to optical pumping into untrapped magnetic sublevels. Following
loading, the laser beams are extinguished and the atoms are
evaporatively cooled to the desired temperature by using a
microwave field to selectively remove the hottest atoms.
Evaporative cooling increases the atomic density and thus
the collision rates which are being measured. Evaporation is
stopped at ;2 m K with ;43106 atoms, giving peak
atomic densities of ;1012 cm23 . Under these conditions,
the phase-space density is ;25 times below that required for
BEC. Following evaporation, the cold cloud is allowed to
evolve freely. The microwave evaporation frequency is
raised to 10 MHz above the spin-flip transition frequency at
the trap center. This reduces the trap depth to 250 m K, which
ensures that all atoms undergoing dipolar relaxation collisions are lost. After a free evolution time t , the cloud is
probed in situ using the phase-contrast imaging technique
described in Ref. @7#. In this technique, an off-resonant probe
laser beam is passed through the cloud and the scattered light
is imaged onto a CCD camera. The resulting signal is proportional to the optical density of the cloud and is fit to a
Gaussian function to find N and T, which together determine
n̄. In order to obtain low-noise and high-resolution images,
destructive probing is used, so that only one image is obtained per evaporative cooling cycle. Therefore, the experiment is repeated many times and the results of several cycles
are averaged at each value of t .
Figure 1 shows a plot of N versus t . The data points
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FIG. 2. The ratio Ṅ/N5k g /(11k t ) as a function of the average atomic density n̄. The black squares correspond to data shown
in Fig. 1 and the open circles are from data taken on a different day.
The vertical error bars are derived directly from the uncertainties in
k and g while the horizontal error bars represent the standard deviation in the mean of n̄ for several images taken at the same value
of t . The dotted line is a fit to the function Ṅ/N52G 1 22G 2 n̄
2(8/ A3)G 3 n̄ 2 , where G 1 is the background gas collisional loss
rate constant, G 2 is the dipolar relaxation rate constant, and G 3 is
the three-body recombination rate constant.

represent the mean of several measurements and the error
bars are the standard deviation of the mean. The dotted line
is a fit to the data of the form N(t)5N 0 (11kt) g , where N 0 ,
k, and g are fit parameters. The purpose of this empirical
function is to facilitate an accurate determination of Ṅ from
a small number of data points. The uncertainties in k and g
are the variations which increase the unreduced x 2 by 1 @16#.
We neglect data for t 50 s since these distributions have
not equilibrated after evaporative cooling, and their inclusion
introduces systematic errors in the determination of n̄. After
several elastic collision times, the gas should be well thermalized and these errors greatly reduced. For peak densities
of ;1012 cm23 achieved in this experiment, the elastic collision rate is ;3 Hz.
Along with the loss of atoms, a significant heating is observed in the trap. This heating is in part a result of dipolar
relaxation as atoms are lost preferentially from the region
near the trap center where the density is highest. Since the
energy of atoms in this region is less than the average energy
of the sample, the gas heats up. However, we find that a
linear heating rate of 6 nK/s must also be included to account
for the observed heating. As this additional heating is density
independent, we surmise that it is due to either glancing collisions with background-gas atoms which impart insufficient
energy to eject atoms from the trap or photon scattering from
stray laser light. The effect of the heating is accounted for
since the measured value of T is used in the calculation of n̄.
The ratio Ṅ/N5k g /(11k t ) is plotted as a function of n̄
in Fig. 2. The horizontal error bars are the standard deviation
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in the mean of n̄ for the group of images taken at each value
of t and the vertical error bars are derived directly from
the uncertainties in k and g . The dotted line is a fit of
Eq. ~4! to the data giving G 1 5(20.361.0)31024 s21 ,
G 2 5(1.0560.10)310214 cm3 /s,
and G 3 5(0.568.1)
310228 cm6 /s. The quoted uncertainties are dominated by
statistical fluctuations in N and n̄. However, a small part
(,20%) of the uncertainty in G 2 arises because of a systematic uncertainty in the polarizer angle used in the phasecontrast polarization imaging technique @7#.
We can only set upper bounds for G 1 and G 3 due to their
large relative uncertainties. The upper bound for the background gas collisional loss rate constant G 1 <1024 s21 is
consistent with a background gas pressure of <10212 torr
obtained by extrapolating the loss rate from measurements at
higher pressures. The upper bound for the three-body recombination rate constant G 3 <10227 cm6 /s is too large to provide a stringent test of theory but is consistent with calculations performed by Moerdijk et al., who find a value of 2.6
310228 cm6 /s at zero magnetic field @17#. The precise value
obtained for G 2 does provide a significant test of theory.
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Moerdijk
et al.
calculate
that
G 2 5(9.3560.20)
310215 cm3 /s for a magnetic field strength of 103 G @18#,
in good agreement with the measurement.
The agreement between experimental measurements and
theoretical calculations of the dipolar relaxation rate constant
for both hydrogen and lithium indicates this process is well
understood for light atoms, in contrast to cesium. It was suggested in Ref. @13# that a possible explanation for the disagreement in cesium arises because of the neglect of a
second-order effect in the electronic spin-orbit coupling @19#.
Evidently, this effect is negligible in atoms as light as
lithium. In the future, we hope to measure similar quantities
in 6 Li and in a mixed-species gas of 6 Li and 7 Li because of
the important role that inelastic collisions will play in the
production of a quantum degenerate Fermi gas @20#.
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