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Optimized Bose-Einstein-condensate production in a dipole trap based on a 1070-nm
multifrequency laser: Influence of enhanced two-body loss on the evaporation process
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We present an optimized strategy for the production of tightly confined Bose-Einstein condensates (BEC) of
Rb in a crossed dipole trap with direct loading from a magneto-optical trap. The dipole trap is created with light
of a multifrequency fiber laser with a center wavelength of 1070 nm. Evaporative cooling is performed by ramping
down the laser power only. A comparison of the resulting atom number in an almost pure BEC to the initial atom
number and the value for the gain in phase space density per atom lost confirm that this straightforward strategy
is very efficient. We observe that the temporal characteristics of evaporation sequence are strongly influenced by
power-dependent two-body losses resulting from enhanced optical pumping to the higher-energy hyperfine state.
We characterize these losses and compare them to results obtained with a single-frequency laser at 1030 nm.
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I. INTRODUCTION

Since the first experimental realizations of a Bose-Einstein
condensate (BEC) in a dilute atomic vapor [1,2], a variety
of different experimental configurations have been developed
for efficient BEC production. Besides rf-induced evaporation
in magnetic traps, several approaches using optical dipole
traps have been implemented starting with the work of [3].
The advantages of condensing atoms in optical rather than
magnetic traps are the relatively simple setup, the potential
to directly transfer the BEC into optical trapping or guiding
configurations [4], and the possibility to simultaneously
investigate atoms in different spin states [3,5] or in states
without magnetic moment [6]. A disadvantage lies in the
fact that here the standard method to selectively remove the
atoms with the highest energy during evaporative cooling is
to reduce the trap depth [7] by decreasing the laser power.
This, in general, reduces the trapping frequencies as well. As a
consequence, efficient rethermalization may not be possible at
the end of the evaporation if very low laser power is required.
Many groups generating BECs in dipole traps use CO2
lasers [3,8–10] in single-beam or crossed-beam configurations.
Slight disadvantages result from the high power required
for the laser wavelength of 10.6 μm and from the need to
implement optical materials transparent at this wavelength
which might complicate the optical setup. An alternative
consists in the use of a laser with a wavelength close to 1 μm
which is also covered by commercially available high-power
laser systems. Advantages of this wavelength are the reduction
of the required laser power and the possibility of using
the optical components of the dipole trap for laser cooling
and manipulation of the atoms before and after the BEC
production phase as well. On the other hand, complications
have been encountered in experiments using near 1 μm lasers
for production of a BEC of 87 Rb atoms: unexpected high atom
losses have been observed especially when using cost-efficient
high-power multifrequency laser systems, such as fiber lasers,
at this wavelength. As a consequence, only a limited number
of experiments using lasers at 1 μm wavelength for the
confining potential for Bose-Einstein condensation of 87 Rb
have been reported [11–16], and frequently complex experimental strategies have to be implemented. For example,
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shiftable lenses [11] allow a compression of the trap during
evaporation to compensate for the reduced optical power.
Dimple traps consisting of two beams, a single beam with
a large volume and a second more tightly focused beam which
is superimposed during a later stage of evaporation allow
a recompression of the atoms [14,17]. These methods are
based on the possibility to change the phase space density
by changing the shape of the potential [18,19].
In this paper we present an optimized BEC production
strategy which waives these additional complexities. Our setup
consists of a crossed dipole trap created with the light of a
1070 nm multifrequency fiber laser. The dipole trap is directly
loaded from a standard magneto-optical trap (MOT). Only
the dipole laser intensity is changed during evaporation. We
present the optimized evaporation path, discuss the strategy
for finding it, and show that our configuration produces
BECs with high efficiency. Special attention is given to the
effects of the multifrequency spectral distribution of the dipole
laser: we present a detailed investigation of the occurring
atom losses which confirms the validity of the evaporation
strategy. We compare these results to the ones obtained with a
single-mode laser of similar wavelength and beam parameters
which allows us to verify that not the laser wavelength but
rather the spectral characteristics of the laser light are essential
for understanding the extra difficulties encountered in some
experiments for Bose-Einstein condensation of 87 Rb in 1 μm
wavelength dipole trap configurations.
In the following sections we first present our experimental
setup (Sec. II), describe the optimized sequence used for
atom preparation and evaporation to BEC (Sec. III), and give
evidence for the achievement of BEC in our setup. Section IV is
dedicated to the investigation of the occurring loss mechanisms
and the resulting consequences for the optimized shape of the
intensity ramp during evaporation.

II. SETUP

To create a BEC, we implement a three-stage cooling
process: we first decelerate an atomic beam, trap and cool
the atoms in a MOT, and finally transfer the atoms into the
crossed dipole trap to cool them evaporatively.
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FIG. 1. (Color online) Schematic top view of the dipole trap laser
setup. The beam from the fiber laser (FL) is split in two parts at beam
splitter PBS1. In each beam line an acousto-optic modulator (AOM1
and AOM2) controls the intensity. The initial foci are prepared with
the lenses L1 and L2 and relayed into the vacuum chamber with
achromatic lens pairs (L3, L5 and L4, L6). The polarization of the
two beams is fixed with two perpendicularly oriented polarizing beam
splitter cubes (PBS2 and PBS3). Monitoring of the beam intensities
behind the chamber is achieved by photo diodes INT1 and INT2.

Rubidium is heated in an oven and directed as atomic
beam by a nozzle and a differential pumping stage into the
main vacuum chamber having a pressure of 3.5 × 10−11 mbar.
The atomic beam is decelerated via frequency-chirped laser
beams and trapped in a MOT where we accumulate around 4 ×
107 rubidium atoms in 8 s loading time.
The dipole trap is created by crossing two focused laser
beams perpendicularly (see Fig. 1). The beams are generated
by using a linear polarized 1.07 μm multifrequency fiber
laser (IPG YLR-50-1070-LP) with a typical output power
of 50 W and a spectral width (FWHM) of 2 nm. We use
only 20 W for BEC production because higher power caused
problems with thermal effects in the optical elements along
the path of the light and the remaining laser light is used
for creating micro-optical potentials in further experiments,
such as discussed in [20–22]. The beam is split into two
beams with selectable power ratio via the wave plate HWP
and the polarizing beam splitter PBS1. An acousto-optical
modulator (AOM) regulates the power in each beam line.
Special care has been taken to avoid interference effects in the
dipole trap crossing: we use perpendicular linear polarizations
for the beams and assure this by cleaning the polarization
with orthogonally oriented beam splitter cubes (PBS2 and
PBS3) behind the AOMs. This is due to our observation
that the AOMs occasionally modify the polarization state
when the radio frequency power is changed. To further reduce
potentially remaining interference effects, we operate the two
AOMs in opposite diffraction orders (first and minus first
order, respectively). This results in a frequency difference of
220 MHz between the two beams, and no temporal modulation
of the total dipole potential on a time scale experienced by the
atoms should occur.
In each beam line a laser focus is generated outside the
vacuum chamber using lenses L1 or L2, respectively, which
is relayed into the vacuum chamber onto the position of the

MOT with scale 1:1 by two f = 500 mm (L3, L5 and L4, L6)
achromatic lenses. This gives the flexibility to change the
waist of each beam by changing L1 and/or L2 without the
need for further modifications of the setup. In order to get
the most reliable values for the waists inside the vacuum
chamber we measured the trap frequencies by parametric
heating [23] together with the laser power. The beam waists
for all results presented here are w1 = (41 ± 2) μm and
w2 = (46 ± 2) μm, respectively. We found this choice to be
very effective, presenting a good compromise between high
trapping frequencies (for efficient evaporation dynamics) and a
reasonably large trap volume (for a large initial atom number).
With these waists and a total maximum power1 of 11.7 W
at the position of the atoms, we obtain a peak intensity
of 396 W/cm2 which corresponds to a maximum total trap
depth of kB × 595 μK, and an average trapping frequency
√
ν̄ = 3 νx νy νz = 1.4 kHz.2 The power ratio between the two
beams is chosen in a way that both single-beam traps provide
the same amount to the total trap depth. After passing through
the experimental chamber, each beam intensity is monitored
by a logarithmically amplified photodiode (INT1 and INT2),
since it is necessary to accurately measure the power over 3
orders of magnitude during evaporative cooling. In order to
prevent saturation of the photodiodes we attenuate each beam
by using a lens with a short negative focal length and a beam
block with a hole in the center to pass only the small central
part of each beam. The signals of the amplified photodiodes
are used to actively stabilize the light power in each beam to a
computer-controlled value via the AOMs.
An efficient transfer of rubidium atoms from the MOT to the
dipole trap is achieved as follows. Already during the MOT
loading phase, the dipole trap laser beams are switched on
at the maximum power (11.7 W). After the MOT phase, the
MOT magnetic field is switched off and loading of the dipole
trap is optimized by lowering the intensity of the MOT cooling
and repumping light and increasing the detuning of the cooling
light [24]. This results in an optical molasses of 90 ms duration
with reduced temperature. At the end of the molasses phase
we switch off the repumping light 2 ms before the cooling
light to accumulate the atoms in the lower hyperfine level
(F = 1) of the ground state 5 2 S1/2 of 87 Rb. In this state the
lifetime in the dipole trap is larger, because hyperfine state
changing collisions are suppressed [25,26]. A preparation to a
single magnetic sublevel with |mF | = 1 is available but was not
applied in the measurements presented here. With this loading
method we typically obtain 3.5 × 105 atoms in crossed-beam
section of the dipole trap. Atoms initially loaded into the single
beam “wings” of the trap are omitted as they are rapidly spilled
during evaporation. The peak density is 1.1 × 1013 cm−3 and
the temperature 100 μK. This gives an initial phase space
density of 2 × 10−5 assuming equal atom distribution within
the three (F = 1) spin states. Since we observe extremely high
atom losses under these conditions, we reduce the power from
11.7 to 8.8 W within 5 ms and take the resulting trap as starting

1
The relative uncertainties in laser power, peak intensity, and trap
depth are about 4% throughout this paper.
2
The relative uncertainties in the trapping frequencies are about
10%.
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point for our sequence of forced evaporative cooling through
lowering the intensity of the trap laser beams.
III. EVAPORATION SEQUENCE
AND EVIDENCE FOR BEC

At 8.8 W of total power, the trap center experiences a peak
intensity of 296 kW/cm2 and a spontaneous scattering rate of
1.5 s−1 . The total trap depth is kB × 444 μK and the average
trap frequency is ν̄ = 1.2 kHz. Here we still observe a 1/e
lifetime of the trapped atoms below 1 s, which at first sight
seems to prevent efficient evaporative cooling. Nevertheless,
we could achieve efficient Bose-Einstein condensation under
these apparently adverse starting conditions: we observed that
the atom losses decrease rapidly when the laser power is
reduced and therefore implemented an optimized evaporation
sequence. Usually, for evaporative cooling in optical dipole
traps, a temporal variation of the laser power according to the
scaling laws of [27] is applied. We approximate the resulting
function by a series of linear ramps. Each ramp reduces the
intensity by a factor of 2. We optimize the duration of each
ramp experimentally for highest gain in phase space density.
The resulting time sequence of the laser power Pe (t) for our
configuration is shown in Fig. 2. We observe that the time
constants τramp are much smaller during the first two ramps
than in the following segments. This is a consequence of the
strong losses occurring at high laser power. During the next two
segments, the time constants approach the scaling law behavior
which is followed for the subsequent four segments. The
very last evaporation ramp has a smaller slope than the ones
before because the power at which we achieve Bose-Einstein
condensation is close to the limit where the trap is not able to
support the atoms against gravity. This results in a distortion of
the trapping potential in the vertical direction which decreases
the trapping frequencies and the elastic scattering rate. This
increases the time required for rethermalization and makes it
necessary to reduce the slope in the final evaporation ramp. We
end up at the BEC phase transition after an evaporation time
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of 12.1 s, which together with the loading time of the MOT of
8 s gives a total cycle time of approximately 20 s.
To avoid the high initial losses one might consider to load
the dipole trap at a power which corresponds to the point of
turnover to the scaling law behavior which corresponds to a
power of about 3.1 W in the sequence of Fig. 2. We tested this
by loading the dipole trap at a constant total power of 3.5 W
and compared the parameters of the resulting atom sample to
our original loading scheme followed by the first part of the
evaporation sequence ending at a laser power of of 3.5 W. We
obtained comparable temperatures here as well as after one
additional evaporation ramp but for both times the number of
atoms in the low-power loading case was only about 40% of
the atom number when following the original sequence. This
proves that it is advantageous to use the higher initial laser
power even in the presence of high initial losses when making
use of an optimized evaporation sequence.
At the end of the evaporation where we use a total power
below 45 mW (trap depth kB × 2.2 μK) for the dipole trap, we
achieve Bose-Einstein condensation. The critical temperature
is around 140 nK. At the phase transition we are typically left
with 4 × 104 atoms. A measurement of the resulting bimodal
distribution as a proof for condensation is shown in Fig. 3. If we
evaporate to lowest achieved temperatures [Fig. 3(c)] we can
create almost pure condensates (condensate fractions higher
than 80%) with a temperature below 30 nK and a total atom
number of around 1.5 × 104 . There, the remaining thermal
atom number is hard to determine precisely due to its small
fraction and density in the thermal wings of the distribution.
In spite of the large initial losses, this straightforward
evaporation procedure is very efficient. We determined two
figures-of-merit to confirm this: the ratio of the atom number
at the start of evaporation to the atom number in an almost pure
BEC N (t = 0)/Nc = 35 lies close to the high efficient end of
values found in the literature (30 to 100) for evaporation in
dipole traps. In addition, the evaporation efficiency
γev = −

ln[ρPSD,c /ρPSD (t = 0)]
,
ln[Nc /N(t = 0)]

(1)

which compares the gain in phase space density ρPSD to the
reduction in atom number, is γev  3.5 which is comparable
to values found in the literature (γev = 3.4 [12], γev = 2.8(5)
[14]) for highly efficient, but more sophisticated dipole trap
evaporation setups.
IV. ANALYSIS OF ATOM LOSSES AND THEIR
EFFECT ON EVAPORATION

FIG. 2. Time sequence of the total laser power during evaporative
cooling. The inset gives the start and end values of the laser power
together with the duration for each linear evaporation ramp.

We performed a detailed analysis of the atom losses during
different stages of evaporation in order to gain insight into
the specific loss characteristics in dipole traps generated by
a multifrequency laser and to confirm the experimentally
obtained evaporation sequence Pe (t) (Fig. 2). For this purpose,
we analyzed the temporal evolution of the atom number in the
crossed dipole trap at different laser powers (Fig. 4). Each
decay curve is measured following the evaporation sequence
shown in Fig. 2 terminated at the indicated laser power which
is then kept constant for the decay curve measurement. As
a consequence, temperature, atom number, and density at
t = 0 are the same as they would be during our experimental
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FIG. 3. Cross sections of the atom distribution at different final trap depths after the transition to BEC. (a) Small BEC and mainly thermal
cloud right below the phase transition, (b) partially condensed cloud, and (c) almost pure BEC with a condensate fraction above 80%. All
data are taken after the same time-of-flight of 20 ms. The dotted lines represent bimodal fits to the density distribution while the dashed lines
indicate the thermal fraction.

evaporation sequence. Figure 4 shows high atom losses at
high laser power but also a strong reduction of the loss for
decreasing laser power. The increase in atom trapping time of
more than one order of magnitude is essential for the successful
evaporation strategy.
Another obvious feature in the semilogarithmic presentation is the curvature of the decay curves, especially at high
laser power. This is caused by density-dependent many-body
losses occurring in addition to single-atom losses. Even for
the highest densities, achieved directly after loading, we
calculate an atom loss rate due to three-body recombination [28] only of around 500 atoms s−1 . Thus, three-body
processes play no significant role in the observed atom loss,
and we focus on one- and two-body losses in the further
discussion.

FIG. 4. (Color online) Atom number decay in the crossed dipole
trap for different total final laser powers. The decay can be well fitted
by a sum of two exponentials (see text) as plotted for the case of 1.6 W
of laser power where the data (crosses and short dashed curve) are
compared to the fit (black line). The decay curves for a total power
below 0.2 W show the same behavior as the one for 0.2 W and are
not plotted.

Since, here, we are only interested in comparing the
time constants for atom loss to the time constants of the
evaporation ramps rather than extracting quantitative two-body
loss coefficients, we determine the atom loss time constants
in Fig. 4 by fitting a sum of two exponential decay curves
to the data. The extracted time constants are plotted in Fig. 5.
The smaller time constant τ2 is dominated by two-body losses,
the longer τ1 by single-atom losses due to background gas
collisions and heating through photon scattering from the
dipole trap laser. Figure 5 also shows the time constant τramp
which is the time needed to reduce the laser power by a factor
of 2 in each linear ramp segment of Fig. 2 as a function of
the average power during the segment. In our evaporation
sequence, no linear ramp segment is long enough to show
a significant influence of a decay with time constant τ1 ,
and atom loss during evaporation is fully dominated by the
fast exponential decay with time constant τ2 . Obviously, the
ramp durations obtained by the the experimental optimization

FIG. 5. Time constants τ1 and τ2 for atom loss and the time
constant τramp representing the duration found experimentally for
each ramp reducing the laser power by a factor of 2 as a function
of laser power. For the ramp constant, the corresponding laser power
is given as the average power during the respective linear ramp.
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procedure are proportional to the observed loss constants.
The proportionality factor τ2 /τramp  6 for all ramp segments.
The observation of this constant ratio gives another simple
and straightforward strategy for choosing the appropriate time
constants for evaporation: one can measure the loss constant
of the atom ensemble and select the ramp time constant
proportional to it. The specific value for the ratio τ2 /τramp
we obtained here is only valid for our set of parameters,
but following this strategy reduces the requirements on the
optimization procedure to optimizing only one single free
parameter.
To gain additional insight into the reason for the large atom
losses at high laser power, we compared the results given
in Fig. 5 with an atom loss measurement carried out with a
single-frequency laser (ELS Versadisk Yb:YAG, 1030 nm) in
the same setup at a power of 9.5 W and comparable values
for trap size, atom number, and background gas pressure.
With the single-frequency laser, we observed time constants
τ2 = 6.5 s and τ1 = 23.6 s. Both time constants are about
one order of magnitude larger than the ones obtained for
the multifrequency fiber laser and the optimized evaporation
sequence does not require the fast ramping at the beginning.
Due to these observations we infer that the high initial losses
for the fiber laser are not due to the absolute wavelength around
1 μm, but rather due to the laser’s broad frequency spectrum.
The different longitudinal modes are distributed over a range
of more than 500 GHz with a separation of approximately
15 MHz while the linewidth of the atomic transition in
rubidium is 6 MHz. It is very likely that each mode of the
laser field has a counterpart with a frequency offset close to the
hyperfine splitting of the ground state of 87 Rb of 6.834 GHz.
In this case, two laser photons could drive the transition from
the F = 1 to the F = 2 hyperfine ground state which has an
internal energy higher than the trap depth. In hyperfine state
changing collision back to the F = 1 state, internal energy is
converted to kinetic energy. This leads to loss of the colliding
atoms [25].
To support this model we experimentally investigated the
dipole trapping light induced transfer of atoms to state F = 2
and the subsequent hyperfine relaxation by measuring the
population N2 in the higher hyperfine level F = 2 evolving
in time. State-selective detection is achieved by absorption
imaging on the cycling transition F = 2 → F  = 3 without
additional repumping light. Only atoms in state F = 2 are able
to absorb light. The reduction of detection efficiency due to
the missing repumping light was experimentally confirmed to
be negligible during the time of the detection pulse. Repeating
this measurement with repumping light gives the temporal
evolution of the total number of trapped atoms. Results for
three different laser powers are presented in Fig. 6. For laser
powers of 9.2 and 3.0 W we observe a fast initial increase
of N2 followed by a decay corresponding to the decay of
the total atom number. No additional pumping to F = 2 is
observed for a laser power of 0.76 W and below. As can be
seen at short times for 9.2 W but especially for 3.0 W, the fast
two-body decay of the total atom number has to be initiated
by a transfer of atom population to F = 2 first. This can be
expected due to the significantly larger rates for two-body
collisions involving at least one atom in the upper hyperfine
state F = 2.
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FIG. 6. Temporal evolution of the total atom number and the
number in state F = 2 together with the resulting fit of the solution
of the rate equations (2) for a total laser power of (a) 9.2 W, (b) 3.0 W,
and (c) 0.76 W.

A detailed presentation of the temporal evolution of the
fraction of atoms in F = 2 during the first 2 s is given in Fig. 7.
The nonvanishing initial fraction of atoms occurring in F = 2
in each curve is not due to imperfect preparation to F = 1
but rather caused by pumping of atoms to F = 2 during the
evaporation stages preceding the start of each of the presented
measurements. Clearly the fraction of atoms populating the
state F = 2 rapidly increases at high laser power. At 9.2 W
the fraction rises within 2 s to a value of 21%, while at lower
power the fraction increases slower and saturates at lower
values. The high fraction of atoms in state F = 2 then induces
enhanced two-body loss for F = 2 atoms either colliding with
each other or with the remaining F = 1 atoms. This enhanced
loss would not occur if all atoms keep their initial state F = 1.
For a laser power of 0.76 W and below, no increase in the
fraction of atoms pumped to F = 2 is observed.
Spontaneous pumping to state F = 2 is possible by absorption of a photon from the dipole trap laser and emission
of a photon with a lower energy. For large detuning, these
spontaneous Raman processes are suppressed by quantum
interference because the scattering amplitudes via the D1 and
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FIG. 7. (Color online) Temporal evolution of the fraction of atoms
in state F = 2 for different total final laser powers.

D2 lines of rubidium almost cancel [29]. This effect yields
a suppression, compared to the total spontaneous scattering,
by a factor of 1000 with linearly polarized light for transitions
from ground state hyperfine level F = 1 to F = 2 at a trapping
laser wavelength of 1070 nm. We calculate the spontaneous
Raman scattering rate to be only around 1.5 × 10−3 s−1 at
9.2 W. Thus, spontaneous Raman scattering cannot explain the
observed rapid increase in F = 2 population. Together with the
observation that a single-frequency laser field does not induce
large atom losses, we infer that driven two-photon transitions
induced by two different modes of the multifrequency laser
field are responsible for the significant increase of the atom
population in state F = 2 followed by the higher atom losses
due to the larger loss rate for collisions involving F = 2 atoms.
To describe the evolution of the atom populations in F = 1
(N1 ) and F = 2 (N2 ), we use a simple rate equation model:
Ṅ1 = −p(N1 − N2 ) − β11

N12
N1 N2
− β12
,
Veff
Veff

N2
N1 N2
Ṅ2 = +p(N1 − N2 ) − β22 2 − β12
,
Veff
Veff

(2)

with Veff = (4π kB T /m)3/2 /(2π ν̄)3 being the effective volume
for the calculation of the average density, where ν̄ is the average
trapping frequency. We fit the solutions of the rate equations
for N1 (t) and N2 (t) to data as in part presented in Fig. 6 to
obtain the relevant parameters, which are the two-body loss
coefficients for collisions between two F = 1 atoms β11 , two
F = 2 atoms β22 , and collisions between atoms of different
internal states β12 , as well as p which is the pump rate of atoms
transferred to the F = 2 hyperfine state. The single particle
loss was omitted in the rate equation since tests showed that
fit values for the single particle loss coefficient did not differ
from zero within the assumed uncertainties.
Figure 8 presents the extracted pump rate p together with
the calculated rate of spontaneous Raman scattering events
causing a change in the hyperfine state per atom. Since
the latter rate is almost three orders of magnitude smaller
than the pumping rate we encounter in our experiment, this
again proves that there have to be other than spontaneous
Raman processes causing the rapid relaxation between the

FIG. 8. Extracted pump rate p and calculated rate of spontaneous
Raman scattering events causing a change in the hyperfine state of an
atom as function of trap laser power.

two hyperfine states. The observed dependence of the pump
rate p on the dipole trap laser power confirms that the
light pumping the atoms to state F = 2 is indeed the dipole
trapping light and not other resonant stray light that might be
introduced from other parts of the experiment. To ensure that
there is no near-resonant light emitted by the fiber laser, we
additionally spectrally filtered the fiber laser light: two mirrors,
designed for high reflectivity between 780 and 830 nm and
high transmittance at 1030 nm where added to the laser beam
line. This results in an additional attenuation of at least a factor
of 100 for light at wavelengths between 762 and 905 nm and
more than a factor of 5000 attenuation for light resonant to
the rubidium transitions at 780 and 795 nm, while the fiber
laser light at 1070 nm is transmitted by 98%. The measured
evolution of N1 and N2 showed no difference compared to the
unfiltered case at the same power. Using all these observations,
we conclude that the pumping to state F = 2 is not caused by
near-resonant light accidentally emitted by the fiber laser or
scattered from elements in the rest of the experiment.
In Fig. 9 we present the results for the extracted β coefficients as a function of laser power. The given uncertainties
are statistical uncertainties of the fit only and do not include
systematic uncertainties. The latter are significant, since the fit
procedure shows a strong mutual dependence of the extracted
values of the different β coefficients. For that reason, we
consider the given β values only correct to within about
one order of magnitude, and the following discussion relies
in essence on the relative values of the coefficents and their
general dependence on laser power.
The large ratio between the observed values of β22 and β12
on one side and β11 on the other side confirms the adverse
effect of pumping atoms to state F = 2. The ratios β22 /β11
of about 100 and β12 /β11 of about 10 for most laser powers,
show that the fraction of atoms in F = 2 should not exceed a
value of about 10% to avoid a significant enhancement of atom
losses. Together with the results on atom pumping displayed
in Fig. 7, this confirms that additional losses can be kept
small when keeping the ramp time constant well below 2 s
for laser powers above 1.5 W. This verifies the experimentally
determined values of the ramp time constants shown in Fig. 5.
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V. SUMMARY AND CONCLUSIONS

FIG. 9. Power dependent two-body loss coefficients β extracted
from atom loss measurements as shown in Fig. 6 by fitting the solution
of the rate equations (2). The error bars only represent statistical
uncertainties. Expected systematic uncertainties are not included (see
text).

Finally, we also notice a dependence of the two-body loss
rate coefficients β11 and β12 on laser power. This suggests
that there are light induced Raman processes during collisions
to which many intermediate molecular states are contributing
[30] and which cause changes in the kinetic energy by the
amount of the ground state hyperfine energy splitting. As a
consequence the respective β coefficients are modified by the
presence of the multifrequency laser light as well. A detailed
investigation of this process would go beyond the scope of this
paper.
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We have presented an optimized strategy for production
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[23] R. Jáuregui, Phys. Rev. A 64, 53408 (2001).
[24] S. J. M. Kuppens, K. L. Corwin, K. W. Miller, T. E. Chupp, and
C. E. Wieman, Phys. Rev. A 62, 013406 (2000).
[25] J. Weiner, V. S. Bagnato, S. Zilio, and P. S. Julienne, Rev. Mod.
Phys. 71, 1 (1999).

[26] R. Grimm, M. Weidemüller, and Y. B. Ovchinnikov, Adv. At.
Mol. Opt. Phys. 42, 95 (2000).
[27] K. M. O’Hara, M. E. Gehm, S. R. Granade, and J. E. Thomas,
Phys. Rev. A 64, 051403(R) (2001).
[28] E. A. Burt, R. W. Ghrist, C. J. Myatt, M. J. Holland, E. A.
Cornell, and C. E. Wieman, Phys. Rev. Lett. 79, 337 (1997).
[29] R. A. Cline, J. D. Miller, M. R. Matthews, and D. J. Heinzen,
Opt. Lett. 19, 207 (1994).
[30] J. D. Miller, R. A. Cline, and D. J. Heinzen, Phys. Rev. Lett. 71,
2204 (1993).

043641-8

