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Simultaneous magneto-optical trapping of bosonic and fermionic chromium atoms
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We report on magneto-optical trapping of fermionic 53Cr atoms. A Zeeman-slowed atomic beam provides
loading rates up to 3 X 10 s~!. We present systematic characterization of the magneto-optical trap (MOT). We
obtain up to 5 X 103 atoms in the steady-state MOT. The atoms radiatively decay from the excited P state into
metastable D states, and, due to the large dipolar magnetic moment of chromium atoms in these states, they can
remain magnetically trapped in the quadrupole field gradient of the MOT. We study the accumulation of
metastable >*Cr atoms in this magnetic trap. We also report on the simultaneous magneto-optical trapping of
bosonic **Cr and fermionic *>Cr atoms. Finally, we characterize the light-assisted collision losses in this

Bose-Fermi cold mixture.
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I. INTRODUCTION

Although laser cooling generally assumes the presence of
an almost closed transition [1], it is now possible to laser-
cool in a magneto-optical trap (MOT) atomic species whose
internal level structure is more complex than that of alkali-
metal atoms. A more complex electronic structure may lead
to qualitatively new physics. In the case of >*Cr, for example,
for which Bose-Einstein condensation (BEC) was reached
recently by Griesmaier et al. [2], anisotropic, long-range
dipole-dipole interactions play a visible role in the expansion
of the BEC after it is released from its trap [3]—contrary to
all previous experimental data on BECs, for which all inter-
action effects could be modeled by short-range isotropic in-
teractions. In addition, the optical manipulation of new at-
oms may find technical applications, which is the case for
chromium (Cr) [4], but also, for example, for group-IIT at-
oms (such as Al, Ga, In) and for Fe [5].

The optical manipulation of species with complex elec-
tronic structures can nevertheless be a technical challenge
when the cooling transition is not closed, since more and
more repumping lasers are then needed. For example, laser
cooling of molecules has never been achieved because of the
many vibrational levels associated with a given electronic
transition. Here, we report on the magneto-optical trapping
of fermionic >*Cr atoms. As with bosonic **Cr atoms, the
cooling transition is not perfectly closed and atoms are
depumped toward metastable dark states, so that two re-
pumpers are required to effectively close this transition. In
addition, and in contrast to >>Cr which has no hyperfine
structure, the 3Cr nuclear magnetic moment is /=3/2, and
its electronic ground state has four hyperfine components.
Further repumpers are therefore needed, to prevent optical
pumping toward dark hyperfine states.

Obtaining a MOT for ° 3Cr atoms is appealing for several
reasons. Starting from a laser-cooled atomic vapor, it has
been possible to reach quantum degeneracy for nine bosonic
atomic species, which is one of the major achievements of
atomic physics in the last ten years. However, up to now only
two fermionic species, YK and 6Li, were cooled down to
quantum degeneracy [6]. For both species, it was possible to
reach the strongly interacting regime by use of Feshbach
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resonances, and to study the crossover between the BCS and
the BEC regimes. It is therefore interesting to add a new
species in the ultracold fermionic playground. The main un-
usual property of chromium is its large magnetic moment of
6up: in polarized degenerate Fermi seas, dipole-dipole inter-
actions will be the leading interaction term, which is ex-
pected to produce new quantum phases [7]. In addition, the
atomic ground-state hyperfine structure together with its
strong magnetic dipole moment should lead to a rich Fesh-
bach resonance spectrum. Finally we report in this paper that
it is possible to simultaneously trap >*Cr and >*Cr atoms, and
discuss the perspectives for producing chromium Bose-
Fermi mixtures in the quantum regime.

II. EXPERIMENTAL SETUP
A. Laser system

Figure 1 shows a simplified energy-level diagram for >*Cr
and Cr atoms. The ’S;—’P, transition (\=425.51 nm,
natural linewidth y/27=5.02 MHz, saturation intensity
=8.52 mW cm™?) is used both to decelerate the two isotopes
in a Zeeman slower, and to cool and trap them in a MOT.
Since no suitable diode laser source is yet available at
425 nm, we generate 350 mW of blue laser light by
frequency-doubling high-power light at 851 nm using a non-
linear 8-mm-long lithium triborate (LBO) crystal in a reso-
nant optical cavity. The light at 851 nm is produced with an
argon-ion laser (10.5 W) pumping a commercial Ti:sapphire
laser from Tekhnoscan. The infrared power output is typi-
cally 1.3 W. The frequency of the Ti:sapphire laser is stabi-
lized by locking it to a Fabry-Pérot (FP) reference cavity
(whose finesse is 100). The FP spacer is made of Invar steel.
The cavity is housed in an evacuated chamber, which is iso-
lated acoustically and thermally. The length of the Fabry-
Pérot cavity is locked to the 'S;— P, transition of **Cr by
use of a standard saturation spectroscopy setup on a hollow-
cathode lamp. The doubling cavity is kept in resonance with
the infrared light using the Hénsch-Couillaud locking tech-
nique [8]. We estimate the blue laser jitter to be around
1 MHz. Several acousto-optic modulators (AOMs) are nec-
essary to generate the laser frequencies needed for slowing

©2006 The American Physical Society


http://dx.doi.org/10.1103/PhysRevA.73.053406

CHICIREANU et al.

F52

e 40 MHz
p A T 53
4 F=912 A +6 MHz
% lH\ 66 Mz
S 7 = O
P, Al
A
Red
Red Repumper
Repumper
SD .
| Fes2
2SMHAS g |5
. s v "_4— F-1172
Cooling % 5D - )
beams ] 3 o —— Figg
2 X, F=112
El —= e
¢ | i
)
=g
£
©
S
e 209 MHz
7S F=512
3 293 MHz
F=7.
376 MHz
F=9? mml—
52 53
Cr - BOSON Cr - FERMION
VA R2 zs MOT RI MOT
Boson Fermion Boson Fermion
| I I e
1 1
< 1
-450 MHz 235 MHz -150 MHz -3 6MHz -8

FIG. 1. Relevant energy levels for cooling and trapping 2Cr and
3Cr including the leaks to metastable states and (bottom) sketch of
the laser frequencies used in our experiment (& and & stand for the
MOT detunings). Transition probabilities to the bosonic metastable
states are from [9]; hyperfine structure splitting of the fermionic
isotope is from [10]. We deduced from our experiment the isotopic
shift between the >2Cr 7S3H7P4 transition and the >*Cr F=7/2
— F’=9/2 transition to be 61 MHz.

and trapping both chromium isotopes (see Fig. 1).

The 7S3—>7P4 transition is slightly leaky since excited
atoms can decay from 7P4 to dark °D states (see Fig. 1 and
[11]). To compensate for that effect, repumping lasers can be
used to pump atoms from the metastable D states back to the
ground 'S, state via the ’P; state. Their wavelength are in
the range of 660 nm and they are thus referred as the “red”
repumpers in the following. In our setup they are produced
by external cavity laser diodes, each locked to the Fabry-
Pérot reference cavity using a Pound-Drever-Hall scheme

[12].

B. The chromium source

Our chromium oven is a commercial Addon high-
temperature effusion cell. The realization of a robust chro-
mium source is a technical challenge. Indeed, chromium is a
very refractory metal, with a melting point of 1857 °C. Fur-
thermore, Cr tends to react with most of the materials used to
construct high-temperature ovens. For example, direct con-
tact with tantalum (Ta) or tungsten (W) must be avoided
because Cr forms alloys with low-temperature melting point
with them.

In our setup, the cell is resistively heated with two self-
supporting W filaments. The main crucible is in Ta. A chro-
mium bar of 20 g (99.7% pure) is enclosed in a second cru-
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cible made of ultrapure alumina, which is inserted inside the
Ta crucible. The temperature is measured with a W/Re ther-
mocouple. A water-cooled thermal shield maintains the
vacuum chamber at a moderate temperature of 40 °C. The
effusive source is terminated by a 2-mm-diameter aperture.
A 4-mm-diameter aperture, set at a distance of 5 cm from the
emission point, defines the direction of the atomic beam. The
cell works in the horizontal plane and is connected to the
chamber through a CF40 orientable flange. This provides the
necessary fine tuning for the orientation of the atomic beam
in order to align the thermal beam along the axis of the
1-m-long Zeeman slower tube. The atomic beam can be
switched off and on within 200 ms with a mechanical shut-
ter. The oven chamber is pumped with a 250 1s™' tur-
bopump. We usually work with an oven at a temperature of
1500 °C, and the pressure in the oven chamber is then equal
to 3 1071° mbar.

C. The Zeeman slower

A Zeeman slower (ZS) connects the oven chamber to the
MOT chamber. It is made of three sets of copper coils
wrapped around a 1-m-long steel tube, which has an internal
diameter of 1.4 cm, and is connected to the oven chamber
through a 10-cm-long flexible hose. At the entrance of the ZS
tube, a 25-cm-long differential pumping tube having a
0.9 cm internal diameter allows limiting pressures in the ex-
perimental chamber below 5 X 10~!! mbar when the oven is
on.

The experimental magnetic field profile achieved is a
usual positive-to-negative square-root profile, allowing one
to get a well-defined final velocity (see [13] for a discussion
of the extraction at the end of a ZS, and [14] for a recent and
detailed paper on a ZS). It consists of three parts: the
“branching zone” at the beginning of the tube where the
magnetic field rises and quickly reaches its maximum inten-
sity B> 0; the “slowing zone” with a smooth decrease
toward B,,;,<0; and a “final decrease zone” from B,,;, to
zero (these three zones are shown in the inset of Fig. 2). The
small diameter of the final coil makes it possible to obtain a
short “final decrease zone.” This allows us to produce the
MOTs close to the exit of the tube (10 cm), which reduces
losses due to transverse expansion at the end of the slower.
The experimental magnetic B field values are B,,,=460 G
and B,,;,=-260 G, which, together with the detuning of the
ZS laser beam (—450 MHz), define a capture velocity V, of
460 ms~!, and a final velocity of 40 ms™'.

At the exit of the oven, the populations of the fermionic
(bosonic) isotope are equally distributed into the 28 (7) Zee-
man sublevels of the four (one) hyperfine ground states
(ground state). Only the atoms reaching the slowing zone in
the |F=9/2,mz=9/2) (m;=3) Zeeman sublevel can be
slowed down in the ZS. In order to get a theoretical estimate
of the fluxes of atoms slowed in the ZS, we carried out
optical pumping calculations for both the bosonic and fermi-
onic isotopes. While the bosonic case is easy to deal with,
the fermionic one is much more complicated. First the num-
ber of levels (28 in the 7S3 and 36 in the 7P4) is large. In
addition, the Zeeman energy shifts become comparable with
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FIG. 2. (Color online) Schematic of the experimental chamber
showing the MOT beams, the coupling of the ZS beam, and the
MOT fluorescence detection. L, lens; N/4, quarter wave plate; BS,
beam splitter; V, vertical; H, horizontal. The inset shows a plot of
the experimental ZS magnetic field in gauss as a function of the z
position along its axis in meters. See text for a discussion of the
three zones.

the hyperfine structure for low values of the B field (a few
gauss for the excited 7P4 state), so that the calculations must
involve the true eigenstates, which are neither the hyperfine
(F,mp) states nor the Zeeman (m;,m;) states.

We found that most of the °Cr atoms whose velocity is
smaller than or equal to V, are optically pumped into the
my;=+3 state by the ZS slowing beam inside the branching
zone. On the contrary, no substantial accumulation in the
|F=9/2,mF=9/2) state is expected for the 3Cr atoms as
they travel through the branching zone (6% instead of
3.5% =1/28). Taking into account both this different behav-
ior with respect to optical pumping and the isotopic propor-
tion in natural chromium, we expect the ratio of the flux of
slowed Cr atoms to the flux of slowed >*Cr atoms to be
equal to 0.06X9.5/84=0.7%. The experimental ratio, de-
duced from the analysis of MOT loading sequences, is larger,
almost equal to 2% at 1500 °C. It should be noted though
that less laser power is available for the boson manipulation
than for the fermion one in our experiment.

In the ZS, the Cr atoms experience a bad crossing pat-
tern: for B=25 G, the two excited eigenstates adiabatically
connected, respectively, to |F '=11/2,mp=11/2) and to
|F'=9/2,mp=7/2) at B=0 G are degenerate, so that any
o -polarized ZS laser depumps the atoms toward the F
=7/2 ground state. In our experiment we clearly do not ex-
pect the ZS laser beam to be perfectly o polarized: we use
an undervacuum metallic Al mirror to reflect the ZS beam
and align it along the chromium beam (see Fig. 2); this mir-
ror is coated by chromium as time goes on, and its reflectiv-
ity properties slowly change in time [15]. Optical pumping
calculations show that about 20% of the atoms can be lost if
10% of the ZS power is o™ polarized. To repump Cr atoms
in the ZS, we use the >>Cr ZS beam, which is (at 25 G)
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resonant with the transition between the states adiabatically
connected to |[F=7/2,mp=7/2) and |F'=9/2,mp=9/2) (at
B=0 G). Experimentally we got the optimal >>Cr MOT load-
ing rates with a power of 3 mW in the **Cr ZS beam, and
30 mW in the *°Cr ZS beam. The 1/e? radius of the **Cr ZS
beam and of the 3*Cr ZS beam is respectively 3 and 3.6 mm
at the MOT position, and both beams are approximately fo-
cused at the oven position. The presence of the >>Cr ZS beam
as a repumper in the fermionic Zeeman slower results in an
increase of about 40% in the final number of atoms in the
»Cr MOT.

We also performed a standard one-dimensional (1D)
transverse cooling in the oven chamber along the horizontal
direction, using a laser having the same frequency as the
MOT lasers. In order to compensate for the red detuning of
these lasers we applied a B field of a few gauss along the
transverse cooling beam direction. In the optimal experimen-
tal configuration, the transverse cooling laser has a power of
10 mW, and induces a gain of 2-2.5 in the steady-state MOT
populations. Finally we obtained MOT loading rates of the
order of 1.6X10% (3 X 10°) atomss™' for >Cr (**Cr) at T
=1500 °C.

D. The experimental chamber

Our experimental chamber is a compact octogonal cham-
ber with eight CF40 viewports in the horizontal plane, and
two CF100 viewports for the coupling of vertical laser beams
(see Fig. 2). A 150 1s~! ion pump and a Ti-sublimation pump
maintain the pressure at about 5 X 10~!! mbar. Two horizon-
tal external coils in anti-Helmholtz configuration create a
quadrupole field at the MOT position. The MOT laser beam
setup uses two independent arms: a vertical beam is retrore-
flected, and a single horizontal retroreflected beam provides
all four horizontal cooling beams (as shown in Fig. 2). The
atomic clouds are imaged both on a photomultiplicator (PM),
and a charge-coupled device (CCD) camera with a 12.5 cm
focal length lens.

III. EXPERIMENTAL RESULTS
A. Magneto-optical trapping of 52Cr atoms

As a first step, we report the achievement of a magneto-
optical trap with bosonic 52Cr atoms. After transverse optical
cooling, the atoms are slowed in the ZS, and trapped in the
MOT. Because *°Cr has no hyperfine structure, a single fre-
quency is sufficient to slow the atoms in the ZS, and another
to cool and trap atoms in a MOT. The vertical magnetic field
gradient is 18 G cm™!, the MOT beams are typically detuned
by a few linewidths below the atomic resonance, and their
1/¢? radius is 7 mm.

A usual calibration (see, for example, [16]) of the MOT
fluorescence measured on the PM, which takes into account
the collection solid angle of the imaging lens and the 3/7
average squared Clebsch-Gordan coefficient of the trapping
transition, allowed us to estimate the following numbers. Our
loading rate is up to 1.6 X 10% atoms per second, at an oven
temperature of 1500 °C. We measured a temperature of
100+£20 uK from the free expansion of the atomic cloud
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released from the MOT. We obtained a maximum atom num-
ber of (4+0.2+1) X 10° [17], corresponding to a peak atom
density of 8x10'"cm™ (with a 30% systematic uncer-
tainty).

These results mainly reproduce similar measurements
made by Bell er al. [11] and Bradley ef al. [16]. First, we
observed a strong one-body loss, due to the fact that the
cooling transition is not perfectly closed. Atoms in the 7P4
state can undergo an intercombination transition, which
leaves them in either the D, or the °D, state. These meta-
stable dark states are insensitive to the MOT light, but can
remain trapped in the MOT B field gradient. We checked that
atoms in these two states can be repumped (via the 7P3
state), using either one of two single-mode extended cavity
laser diodes running at 653.97 and 663.18 nm, which leads
to a slight increase in the total number of atoms in the
steady-state MOT.

The second striking feature of 2Cr MOTS is the strong
two-body inelastic loss rate, which was measured in [16]. We
reproduced the measurements reported in this reference, and
found an inelastic loss rate of (6.25%x0.9x1.9)
X107 cm®s~!, when the MOT beams are detuned by
10 MHz from resonance, and have a total intensity of
116 mW cm™. We briefly describe the experimental proce-
dure below.

B. Magneto-optical trapping of S3Cr atoms

The fermionic *Cr isotope has already been cooled by
collisions with a cold buffer gas [18], but we are the first
group to report on properties of the magneto-optical trap of
this isotope, which is an important experimental result of this
paper [19].

The optical manipulation of **Cr is not a straightforward
extension of the work concerning >*Cr. The main difference
between these isotopes is the complex hyperfine structure of
33Cr, whose electronic ground state has four different hyper-
fine components. Although it may be expected that up to
three repumpers should be needed to operate the MOT, as
well as the ZS, the experiment shows that only two repump-
ers are needed in the MOT (repumper R1 and R2 in Fig. 1),
and only one in the ZS. All these repumpers are derived from
a single laser beam, using AOMs. In addition to these blue
repumpers, three red repumpers are required to prevent at-
oms from ending up in the metastable states |5D4,F
=9/2,11/2) or |5D3,F=9/2). Due to laser availability when
we performed the reported experiments, we were only able to
repump atoms from the |5D4> state.

We first achieved a MOT with >*Cr without any red re-
pumper. Atoms exiting the oven are transversally cooled by a
near-resonant |’S;, F=9/2) to |"P,,F=11/2) laser beam, or-
thogonal to the atom beam, before being decelerated in the
ZS. When no transverse cooling is achieved before the atoms
enter the ZS, the MOT atom number is reduced by typically
60%. As explained earlier, a blue repumping laser detuned by
300 MHz from the slowing transition is mixed with the ZS
laser beam to prevent losses at the bad crossing point of the
ZS. Typically a few milliwatts is enough for this repumper,
and without it the number of atoms in the MOT is only
reduced by 30%.
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FIG. 3. (Color online) Atom number (dots) and peak atom den-
sity (triangles) in the 3Cr MOT as a function of the normalized
detuning of the MOT cooling beam compared to the |7S3,F =9/2)
to |7P4,F =11/2) transition, with a total laser intensity of the MOT
beams equal to 200 mW cm™2. Error bars show the dispersion over
four data points, and the solid line is a guide for the eye.

The MOT blue beams consist of three different frequen-
cies. The cooling beam is typically detuned by a few line-
widths from the atomic transition. Two blue repumpers R1
and R2, respectively, correspond to the transition |7S3,F
=7/2) to |"P,,F'=9/2) and to the transition |’S,,F=5/2) to
|’P,,F'=7/2) (see Fig. 1). No MOT could be obtained with-
out R1, whereas if R2 is removed, the number of atoms in
the MOT is only reduced by 30%. We inferred from this
observation that repumping on the transition |7S3,F =3/2) to
|7P4,F =5/2) would not significantly increase the number of
atoms in the MOT. The power in R1 and R2 is, respectively,
10 and 3 mW. The 1/¢? radius of the 3Cr MOT cooling
beams is 4.5 mm, and the 1/¢2 radius of R2 is 5.2 mm. As
for 52Cr, the MOT magnetic field gradient is 18 G cm~!, and
a fluorescence analysis (with an average squared Clebsch-
Gordan coefficient of 2/5 for the trapping transition) was
used to get quantitative data.

From the depletion rate of the MOT, we estimated the
transition probability from 'P, to the metastable states 5D4’3
to be 280 s~! (with an uncertainty of 33% mainly of statisti-
cal origin) which is significantly higher than the correspond-
ing number for the boson (169 s7!; see Fig. 1). We were able
to partially cancel these losses with the available red re-
pumper (repumping from the 5D4 state). The steady-state
atom number in our MOT is multiplied by a factor of 2 in the
presence of this repumper, and the repumping efficiency
saturates for only 2 mW of red light (with a 1/¢* radius of
2.9 mm). No significant increase in the MOT fluorescence
was observed when another red beam, detuned by the
225 MHz hyperfine gap of the 5D4 state shown in Fig. 1, was
added.

We performed systematic studies to measure the total
number of atoms in the MOT in presence of the red repump-
ing laser, as a function of the cooling laser intensity and
detuning. Figure 3 shows that the MOT atom number and
peak density reach a maximum for different values of the
MOT laser detunings. We observed up to (5+.25+1) X 10°
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FIG. 4. (Color online) Atom number (dots) and peak atom den-

sity (triangles) in the 3Cr MOT as a function of the total power in

the MOT cooling beams, for a detuning of the MOT beams equal to

—21.5 MHz. Error bars show the dispersion over four data points,
and the solid line is a guide for the eye.

atoms in the >*Cr MOT. This steady-state number is signifi-
cantly higher than what is expected from a direct comparison
with the boson case, if only the relative loading rate (about
2%) and loss rate of the two MOTSs are taken into consider-
ation, showing the dramatic effect of inelastic collisions for
the denser bosonic MOT. Figure 4 demonstrates a saturation
of the MOT atom number with the MOT laser intensity,
while the peak density does not saturate for the laser power
available. The highest peak atomic density obtained was up
to 2.5x 10'° cm™ (with a systematic uncertainty of 30%).
Even with one red repumper on, the maximum number of
3Cr atoms in the steady-state MOT is below 10°, which is
most likely not sufficient to reach quantum degeneracy via
an evaporative cooling procedure. As described below, a very
large inelastic rate coefficient in the 3cr MOT, similar to the
one measured for > 2Cr, limits the maximum number of atoms
in the steady state MOT. Therefore, we studied, similarly to
the work reported in [20] for the bosonic isotope, how fer-
mionic metastable atoms can be accumulated in the magnetic
trap formed by the quadrupole field of the MOT, before be-
ing repumped back into the ground state. A similar accumu-
lation process has been reported for strontium atoms in [21],
but requires a much higher value of the B field gradient.

C. Accumulation of 2Cr and *Cr atoms in a magnetic
quadrupole trap

Chromium offers a nice way to decouple cooling and trap-
ping: as stated above, atoms are slowly optically pumped
into metastable states, whose lifetimes are very large (and
unknown), and whose magnetic moments are large enough to
be trapped by the MOT gradient magnetic field, provided
they happen to be produced in a low-field-seeking state. In
our experiment, we first reproduced the results of [20], and
used the same procedure to accumulate metastable **Cr at-
oms in the magnetic quadrupole field of the MOT.

In the case of °*Cr, the number of trapped metastable
atoms saturates in a time scale that is fixed by inelastic col-
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lisions with atoms in the excited 7P4 state [20]. In the case of
a >Cr MOT, the steady-state number of atoms in the 7P4
state is about ten times smaller, and we found that the time
scale for accumulating >*Cr metastable atoms in the mag-
netic trap is set by collisions with fast atoms coming from
the oven. It is found to be on the order of 8 s when the oven
is operated at 1500 °C, which is equal to the measured life-
time of the metastable fermions in the magnetic trap when
the atom shutter is not closed (and smaller than the back-
ground collision lifetime when the shutter is closed).

By accumulating atoms in the metastable state 7D4, and
after repumping them using a 10-ms-long red pulse, we mea-
sured up to (8.5+0.4+2.1) X 10° 33Cr atoms in the magneti-
cally trapped 7S3 ground state. This number was obtained for
a detuning of the MOT beams equal to 12.5 MHz, and a total
intensity in the MOT beams equal to 200 mW cm~2, which
corresponds almost to a tenfold increase compared to the
steady-state MOT atom number for these parameters. This
measurement was achieved close to resonance, and should
not correspond to the optimal 3Cr atom number accumu-
lated in the metastable state (see Fig. 3). In addition, such a
number was measured by using only one red repumper, and
the use of another red repumper for the 5D3 state should give
us a reasonable starting point for further cold collision ex-
periments, Feshbach resonance studies, and evaporative
cooling down to quantum degeneracy.

This larger number of 3Cr atoms allowed us to carefully
study density-dependent losses for the 3Cr MOT. The two-
body loss rate parameter measured for °Cr is very large,
typically ranging from (1+0.2+0.3) X107 to (8+0.8+2.5)
%107 cm?® s7! for detuning of the MOT laser varying from
-20 to -3 MHz, and a total MOT Ilaser intensity of
170 mW cm™2. These values are similar to the inelastic loss
rates obtained for *Cr MOTSs. To our knowledge, these very
high inelastic loss rates in chromium MOTs are not under-
stood up to now, and will be studied in a forthcoming pre-
sentation. Here, we note that they are only slightly smaller
than the Langevin rate (see [22]).

D. Magneto-optical trapping of a cold Bose-Fermi mixture of
32Cr and 3Cr atoms

In this paper, we report a simultaneous magneto-optical
trapping of >*Cr and >*Cr atoms. To perform this experiment,
we make use of a fortuitous quasicoincidence between two
transitions: the cooling transition for >*Cr and the ‘R1’ tran-
sition for **Cr. As a consequence, the cooling beam for 2Cr
is used in the >*Cr MOT as R1. Another consequence is that
the Zeeman repumper of >*Cr is also simultaneously used as
the ZS beam for 52Cr, so that we do not need a separate
AOM to perform the experiment.

Figure 5(a) shows that we can load a >Cr MOT, and after
it has reached its steady state number, superimpose on it a
53Cr MOT by simply switching on the AOMs for the cooling
transition of the fermion, and R2. Both MOTs form approxi-
mately at the same location according to our CCD fluores-
cence images. When the 33Cr MOT laser beams are removed,
the fluorescence detected by the photo multiplier immedi-
ately regains the same steady state value. This demonstrates
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FIG. 5. (Color online) Loading sequences for simultaneous
magneto-optical trapping of 32Cr and 3Cr atoms. The MOT for
2Cr atoms is turned on at t=0, whereas the AOMs for the Ber
MOT are only turned on during the time period indicated by the two
vertical dashed lines. (a) Small number of atoms: when the 3cr
MOT is turned off, the remaining fluorescence signal of 32Cr atoms
is identical to the one before the *>Cr MOT was turned on, which
means that no mutual effects took place. The solid line is the result
of a fit only taking into account fluorescence of bosons. (b) Large
number of atoms: after Cr metastable atoms are repumped from
the magnetic trap and the large fermionic MOT is superimposed on
the >*Cr MOT, we observe a decrease in the total number of 2Cr
atoms. The solid line is the result of a fit, including interspecies
losses.

that neither these lasers nor the presence (in this regime) of
3Cr cold atoms induce any substantial loss for >Cr atoms.
However, the data in Fig. 5(a) correspond to very few atoms
(about 3 X 10* 2Cr atoms, and 4 X 10* 3Cr atoms).

In a separate set of experiments, we increased the number
of fermionic atoms, by first accumulating them in the trapped
metastable states during 10 s. We then loaded a >’Cr MOT,
and repumped >*Cr atoms from the 5D4 state, thus superim-
posing a MOT of about 7 X 10° fermionic atoms on the
bosonic MOT, with an estimated peak density of fermionic
atoms of about 4 X 10'° cm™. We then observed substantial
loss of 7°Cr atoms, as shown in Fig. 5(b), which is a proof
that fermionic atoms provide a new loss channel for bosonic
atoms.

The  corresponding loss rate is equal to
Bpr  nsy(r)ns;(r)d®r, where By is the interisotope loss coef-
ficient. If the number of fermionic atoms stays almost con-
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stant, this rate, from the bosonic atoms point of view, corre-
sponds to a linear loss rate, being equal to Bgrii53Ns,, where

N, is the number of bosonic atoms, and 7753=Ns3/ Vs is an
average fermionic density at the bosonic MOT position. Ns3

is the number of fermionic atoms and Vs; is a volume de-
pending on the spatial distributions of the two isotopes. Writ-

ing the atomic densities as n,(r)=n,of;(r) gives Vs; in terms
of integrals of the normalized density distributions f;(r) (i
=52,53, ny is the peak density):

ffsz(r)d3r j fs3(r)dr
Vs = . (1)
f Fsa(P)fs3(r)d’r

Experimentally, the MOT density distributions are Gaussian
shaped. With the CCD camera we measured the 1/e horizon-
tal and vertical radii of the two MOTs (wys,=110 um,
Wys3=150 um, wys,=110 pum, and wys3=140 um), and the
small center-position separation in between them (Az
=60 wm, along the vertical axis), with a precision of about
7% for these numbers. From these values the numerical
evaluation of the integrals in Eq. (1) is straightforward.

For the data in Fig. 5, the number of 32Cr atoms is small
enough that we can neglect light-assisted collisions among
them, so that the evolution equation for the 3*Cr MOT popu-
lation therefore reads

dNs, _
dr

N _
I- % — Bpriis3Nsy (2)

where I' is the loading rate of the 2Cr MOT, 7 is the
depumping time toward metastable states, and the last term
is only present when the fermionic MOT is applied [between
t; and t, in Fig. 5(b)]. We fitted the loading sequence of the
32Cr MOT (t<1,) to deduce I" and 7. We then adjusted B
to reproduce the reduction of 52Cr atoms when the *Cr MOT
is removed at r=r,. From this analysis (similar to the one
performed for a K-Rb MOT in [23]), we estimated the light-
assisted inelastic loss coefficient between >2Cr and >*Cr to be
Bpr=(1.8+0.45+0.65) X 102 cm? s~!, for **Cr (**Cr) MOT
beams detuned by 10(12.5) MHz, and having a total inten-
sity of 70(200) mW cm™2. The solid line in Fig. 5(b) is the
result of our numerical fit.

Bpr is on the same order of magnitude as the light-
assisted loss coefficient that we measured both in a >*Cr
MOT and in a >*Cr MOT. However, physics of light-assisted
collisions in the case of a mixture is different than for a
single-species MOT. For homonuclear molecules, the long-
range part of the excited molecular potential asymptotically
related to the (S, P) dissociation limit is dominated by reso-
nant dipole-dipole interaction, scaling as C;/R>. In contrast,
for heteronuclear molecules, the excited molecular potential
is dominated by a van der Waals interaction scaling as Cq/R®
[24]. Thus, in a MOT composed of two different species,
interspecies light-assisted collisions typically occur at shorter
interatomic distances than intraspecies light-assisted colli-
sions. In addition, the Cg4 coefficient for the molecular poten-
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tials related to the (52Cr,7S3,53Cr,7P4) dissociation limit is
positive. The associated molecular potentials are repulsive
and should not lead to light-assisted losses in a MOT (as
discussed in [24]). Therefore, we interpret losses related to
light-assisted collisions in our double MOT as the conse-
quence of a process involving molecular potentials related to
52Cr,7P4 and 53Cr,7S3. However, because the shift between
the cooling transitions for >>Cr and for >*Cr is small, the
situation may be more complicated, because the molecular
excited potentials should be in 1/RS at large distance, with a
very large Cg, and in 1/R? at shorter distances. This situation
is similar to dipole-dipole interactions in cold Rydberg gases
[25].

A complication for continuously collecting large numbers
of atoms in our mixed-species MOT arises from the fact that
the >Cr MOT is substantially altered by the presence of the
33Cr ZS beam. We attribute this effect to the fact that slowed
2Cr atoms are pushed by the ° 3Cr Zeeman slower beam as
they approach the MOT region (as the ZS magnetic field
goes to zero, the bosonic atoms slowly travel through a re-
gion where they are resonant with the >*Cr ZS laser fre-
quency). Our observations suggest that the best strategy to
obtain large samples of cold 3Cr and Cr atoms is to se-
quentially accumulate them in the metastable states, before
repumping both isotopes in their electronic ground state.

PHYSICAL REVIEW A 73, 053406 (2006)

IV. CONCLUSION

We have reported the magneto-optical trapping of cold
fermionic >*Cr atoms. Magnetic trapping of metastable at-
oms in the quadrupole field of the MOT was demonstrated,
yielding an increase in the number of atoms by a factor of 7.
These features are encouraging as a first step in producing a
degenerate dipolar Fermi gas. Furthermore we demonstrated
the achievement of a dual-isotope boson-fermion MOT. This
opens the way to two isotope collision studies, including the
search for interisotope Feshbach resonances, and obtaining
sympathetic cooling. It also opens the way to the potential
realization of a quantum degenerate boson-fermion mixture
involving dipolar species.
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