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Continuous loading of a magnetic trap
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We have realized a scheme for continuous loading of a magnetigM@p. 5°Cr atoms are continuously
captured and cooled in a magneto-optical &I T). Optical pumping to a metastable state decouples atoms
from the cooling light. Due to their high magnetic moment (&), low-field seeking metastable atoms are
trapped in the magnetic quadrupole field provided by the MOT. Limited by inelastic collisions between atoms
in the MOT and in the MT, we load fametastable atoms at a rate of Hioms/s below 100K into the MT.
Optical repumping after the loading allows us to realize a MT of ground-state chromium atoms.
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Since their first realizatiofl], magnetic traps for neutral smaller than the conservative trap depth. A large decay rate
atoms have become important and powerful tools for manyranching ratio ['¢4/I'c¢>1) assures a steady-state MOT in
experiments in atom and quantum optics. Especially strikinghermal equilibrium and is expected to greatly reduce reab-
experimental result§2] have been achieved with Bose- sorption of transfer photons by atoms in the VIB].

Einstein condensatd8ECS that were realized by evapora-  Chromium combines the desired-like level scheme
tively cooling an atomic gas in a magnetic tr@T) [3-5]. (Fig. 1, black levels and transitionsvith a high magnetic
Up to the present time, several groups have demonstratadoment of up to 6 ug (ug is the Bohr magnetgnDue to
pulsed[6,7], quasicontinuouf8], or continuougcw) [9] out- its isotopic compositior[three bosons:>’Cr (84%), °°Cr
coupling of magnetically trapped BECs. Although multiple (4%, 5“Cr (2%), and one fermion®3Cr (10%)], it is a prom-
loading of a MT has been achievéti0], experiments so far ising element for experiments with degenerate atomic Bose
suffer from the absence of a method for efficient cw loadingand Fermi gases. The magnetic dipole-dipole interaction is
of atoms into a BEC. Hence to date, a matter wave analogomuch stronger than for alkali metals and may lead to a BCS-
to the continuous-wave optical laser has not been realizedike transition in a degenerate Fermi gas BCr [17]. In
Alternatively, a cw atom laser based on magnetic guiding inaddition, chromium has technological potential in nanostruc-
combination with atomic collisions was suggesfédd]. In  ture fabrication[18,19 and structured dopinfR0] by atom
addition, cw loading of low-dimensional optical traps with lithography.

laser cooled atoms was propoddd®] and recently demon- Magneto-optical trapping of chromium is performed
strated[13]. on the ’S;—’P, transition (vacuum wavelength\pg

In this Rapid Communication we report on the cw loading =425.6 nm, decay rat€ps=31.5x10° s 1, saturation in-
of a three-dimensional conservative trap with laser cooledensity |;=8.5 mW/cn?, Fig. 1). Two intercombination
atoms that are decoupled from all light fields present. Waines connect the excitedP, state to the metastable states
show that atoms can be optically pumped within a chromium®p, (\pp,=658.3 nm) and®D; (Appz=649.3 nm)[14].
magneto-optical tragMOT) [14,15 into metastable “dark”  To our knowledge, the lifetimey of these metastable states
states and stored in a MT built up by the quadrupole maghas not been measured to date, but a lower limitrgf
netic field of the MOT. We present results of SyStematiC Stud> 50 s can be deduced from our MT decay times. Measure-
ies on the loading process and on the lifetime of the MT.ments of MOT lifetimes give decay rates bfp,=(127

Using the cw loading mechanism and a final repumping pro--14) s andl'pps=(42+6) s [21]. We effectively re-
cess, we obtain good starting conditions for experiments togyce the level scheme to & system [g)='S;, |e)

wards degenerate quantum gases with ground-state chro-
mium atoms.

Our cw loading scheme consists of an atomic reservoir
and a conservative trap overlapped in space and time. The
reservoir is prepared by cooling atoms in a MOT on a tran-
sition |g)—|e) (Fig. 1). A weak decay channdle)— |d)
allows the transfer of reservoir atoms into an additional long
lived and trapped statigl) in which atoms can be accumu-
lated. In our realization low-field seeking Zeeman substates
of |d) are trapped in the magnetic quadrupole field of the

MOT. The loading can be very efficient |fl) atoms are |9)= s 55 MT
decoupled from the MOT light and if their kinetic energy is 8

FIG. 1. Relevant part of th&Cr level scheme. The MOT in-
volves all levels and transitions, the continuous loading process of
*Present address: 5. Physikalisches Institut, UnivérSitattgart,  the magnetic tragMT) relies on theA system depicted in black
Pfaffenwaldring 57, D-70550 Stuttgart, Germany. (levels|g), |e), |d)).

1050-2947/2001/68)/031405%4)/$20.00 64 031405-1 ©2001 The American Physical Society



RAPID COMMUNICATIONS

J. STUHLEREet al. PHYSICAL REVIEW A 64 031405R)

:7P4, |d>: 5D4, Fegzrps, Fe :FPD4) W|th a branching ' ' '
ratio of 250 000 by shining in §D3—> P4 repumper laser. 108t

As long as no repumper laser is applied on tde—|e)
transition, atoms are optically pumped into fliemy) sub-
states (ng=—4, . .. ,4denotes the magnetic quantum num-
ben of |d) with a significant probability of ending in low-
field seeking (ny>0) states.

Our UHV system consists of two vertically arranged
chambers connected by a Zeeman slower. An effusion ce
operated afl,~1700 K is attached to the lower chamber.
Evacuation by an ion pump and a Ti-sublimation pump leads
to residual gas pressures around ¥Ombar in the upper MOT .,
chamber where the traps are located. Three pairs of retrore 00 —
flected 1-cm-diam laser beams build up a standard six-bear % %
o lo-light field for the MOT. Two coils wrapped onto the 15 . . V' MT
chamber produce a quadrupole magnetic field with gradient: 10° 10° 107
up tob=20 G/cm. The 4-mm-diam repumper laser beams number of MOT atoms
pass through the MOT and are retroreflected. We generate , )
the laser light for the MOT and the Zeeman slower by fre- 'CG- 2. Loading rates of the MT for MOT laser detunings of
quency doubling a Ti:sapphire laser using a LBO crystal2 = ~2Leg (Circles, =5Teq (Squares and = 81", (diamond$ as a

? - function of the number of atoms in the MOT. The lines are linear
Two diode lasers systems serve for repumping on e , ;
7 5 7 - . least-squares fits to the data. The marker size represents the accu-
— 'Pg and°D,— P, (|d)—|e)) transitions(Fig. 1).

g ._racy of our measurements.
We detect trapped metastable atoms by optically pumping y

them within a few milliseconds back into the ground state
|g). Then|g) atoms are resonantly excited with the MOT

laser and their fluorescence is imaged onto a calibrate ciency 7=R/(NyorP.l g of the loading process, the ex-

charge-coupled-device camera. Repumping with the Magsiiaiqn probability P, was calculated using an averaged
netic field still on loads the MT with ground-state chromium saturation intensity of I )= 1], as in[15,23. We observe
s/ 3's ’ .

atoms[22]. Optical transfer ofd) atoms intog) comes with 7= (32+5)%, (25+4)%, and (16-4)% for A= —2,— 5,
a heating on the order of t_he recqll temperatu@r ( —8l¢y. Loading the MT at rates up t®R=10° atoms/s,
~1 wK) due to photon scattering. Optical pumping within we accumulate 0 atoms at peak densities ohy
the magnetic potential may change the mean magnetic mao- 10 atoms/cr. Typical lkradii of the MT arer

ment of trapped atoms and alter their temperature due to 2a00 m, while the radii of the Gaussian shaped MOT are
abouto~200 pm.

variation in potential energy. However, both effects can be
neglected within our experimental resolution since the tem- The maximum number of atoms in the MT is limited by
peratures exceedl; by more than one order of magnitude the loading time constant af~1 s observed at high loading

and the mean magnetic moment is much larger than its SHates. Figure 3 shows the inverse loading time constants for

pected changg2?l]. In the experiments described here, thethe experi .
perimental parameters described above. The decay
|d) MT can therefore be mapped onto g MT by apply- ratesI"=1/7 are corrected for “dark” collisions with the

ing repumping light for a few milliseconds. residual gas and the thermal chromium beam. This correction
is done by subtracting decay rates of the MT in the chro-
fhium beam that were measured without MOT laser light and

-
o
T

loading rate R [atoms/s]

10°

T
&

For given light field parameter® depends linearly on the
umber of MOT atoms. In order to evaluate the transfer ef-

e ot BT a1 0 e SHECVe. g i he shown ca st o 120/ 12 5 e
pumper laser and start cw I(.)ading of the MT. After a variablepend.Ing onfo - _We plotl’ versus th? product of the eﬁectlye
time delay we detect thil) atoms in the MT.The resulting density of excited MOT atoms, times the average colli-
loadi ’ N sional velocityv . Although measured for different detunings,
oading curvegnumber of MT atoms versus loading tijne T increases linearly withw according to
are well fitted byN(t)=Ng[1—exp(-t/7)] (fitting param- ©
eters: steady-state atom numbgy, loading time constant) ['=NgOeV (1)
to extract the MT loading ratR=Ng/ 7.

Figure 2 shows loading rates for different detuninds ( with a collisional cross section.q4. This linear dependency
= wjaser Watom Of the MOT light and a single laser beam shows that if both traps are overlapped, inelastic collisions
intensity of 15 I versus the steady-state number of atoms irbetween excited atoms in the MOT aju} atoms in the MT
the MOT with open transfer channel. The number of MOTare dominating other loss mechanisms. Since the MOT is
atoms was adjusted by varying, and/or the efficiency of much smaller than the MT, collisions occur only at the trap
the Zeeman slower. For more than a few MOT atoms, center andh, can be approximated by the number of excited
the collisional loss rate reaches the same order of magnituddOT atoms per volume of the M[I24]. The finite MOT size
asI'c4. Even with all repump lasers we trap not more thanwould give a correction factor on the right-hand side of Eqg.
10° atoms in the MOT[21]. (1) of 0.5-0.8 depending on the trap size ratditr. We as-
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FIG. 4. Temperatures of trapped atoms as a function of the light
shift parametelsix-beam intensity &). Tyor (crosses and Tyt
(boxes are measured for atoms in the MOT and in the MT, respec-
tively. Tyt (circles are the theoretical temperatures of magneti-
cally trapped atoms calculated as described in the text. The lines are
Tinear least-squares fits to the data.

FIG. 3. Decay rates of the MT with overlapped MOT as a func-
tion of the effective density of excited MOT atonmg times the
collisional velocity v for detunings of A=—2I"¢, (circles,
—5I'¢4 (squarey and —8I'¢4 (diamond$. The straight line is a
linear fit to the data and gives a cross section for inelastic collision
on the order ofroq~10"° m?.

E; and potential energy/; (for a linear potentiaV;=2E;)
sume an average collisional velocity ob~[(Tyor  of MT atoms:
+ Tyr)8kg /Mg, ]Y2 wheremc, is the chromium mass. We
extracto.q~ 10~ °m? as an order of magnitude for the cross
section of inelastic MOT-MT collisions by fitting the data in
Fig. 3 linearly. This value is comparable to the two-body lossincluding additional initial potential energy due to the finite
rate coefficient in a Cr-MOT15]. o4 is about one order of size of the MOT one gets for the theoretical temperature
magnitude larger than the values observed in mixtures of twd yry, of atoms in the MT:
different alkalis[25,26. Light-assisted collisions with the
thermal chromium beam result in a nonvanishing decay rate
at very low MOT densities.

The temperature of atoms in the MT is measured in thé/Ve estimateAT for a transfer from an isotropic MOT with
following way. We pump|d) atoms back into the ground Size o into an isotropic MT with the mean magnetic field
state|g) with the magnetic field on. Then tHg) atoms are gradientb. If my is the mean magnetic quantum number of
imaged immediately after switching off the magnetic field. atoms in the MTAT is given by
We fit the atomic density distribution to that of a thermal
atom ensemble in a quadrupole magnetic field including 8 ug —
gravity: n(x,y,z) =no exp(—Byx?>+y?+47°—Gy). Heren, AT= N kg 9aMd bo (4)
is the central density3= ub/(2kgT) and G=m¢g/(kgT).
The asymmetry oh alongy (vertical axig due to gravity is
clearly visible and the temperature is evaluated fi@mvith
an error bar of 10 %fitting accuracy. The mean magnetic

moment w [typically u=gqmyug=(4.5-6)ug, cOIMe-  though taking our temperature resoluticabout 10% into
sponding tany= 3—4] is determined from the ratiB/G. The  account, atoms in the MT are hotter than theoretically pre-
temperature of atoms in the MT and in the MOT are plotteddicted. This effect is more pronounced at low values &f I/
in Fig. 4 versus IA. The MOT temperature, measured by and can be explained by a heating mechanism in the MT.
ballistic expansion of the cloud, shows the expected linealrapped|d) atoms are heated by 10—50K depending on
increase with 1A [27]. In the MT we observe temperatures the amount of time spent in the MT and the heating rate
down to 50uK and phase space densities of more than’10 described below.

MT atoms are usually colder than atoms in the MOT. This After loading, the number of atoms in the MT decays
can be understood by using the virial theorem and assumingonexponentially indicating inelastic two-body collisions be-
that the transfer of MOT atoms occurs at the center of théween|d) atoms. In addition we observe enlargement of the
MT with negligible potential energy. The initial kinetic en- trapped cloud caused by a heating of more thanuKys. In
ergy E; of MOT atoms is converted into final kinetic energy contrast, the MT witHg) atoms decays purely exponentially
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and is about one order of magnitude less thigiyT. Insert-

ing the measured valudg,gr, o, b, andmy in Egs.(3) and
(4) we evaluate the expectel,ry, (circles in Fig. 4. Al-
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[N(t)cexp(~t/ty)] with a lifetimet, of up to 60 s and shows cesses are expected to be suppressed in a new MT with non-
heating rates of only 1uK/s. In order to distinguish be- zero field minimum. In addition, full atomic polarization in
tween the effect of heating and two-body losses in|the the extreme Zeeman substate should lead to a reductign of
MT, the standard time derivative of the atom density is mod;-2S Predicted for He [28].

fied by a term taking the enlargement of the cloud into ac- N Summary, we have studied a continuous optical loading
count: scheme for conservative atom traps based on the operation of

an atomic reservoithere a MOT and a conservative trap
ng dV (here a M7 overlapped in space and time. MOT atoms are
(5)  transferred to the MT by a spontaneous decay into meta-
stable states that are decoupled from both MOT light and

; ; transfer photons. The loading rates up td lftoms/s de-
whereng is the peak atom density, the MT volume, and3 : :
the two-body loss rate coefficient. We analyze our data in th@enq linearly on the nurfpober of _exmted MOT.at.oms. We
following way. The increase of the MT volunmj&/=V(t)] colrllltlr.luously rlload detOM _T_‘toms mtc_)r;hel'l;/l'l'., l'm't]f"d by
due to heating is fitted linearly. After inserting thigt) and C? kl)sllonts with e,z(hCItE,}VlT (fi ato_rp Sh eﬁltﬁtlml\/?oqr meta-
to of the ground-state MT, we solve E¢p) for ny(t) and fit stav'e atoms i e atter swrrehing oft the 1S cur

h lting f orfitt h K d rently limited by inelastic trapped atom collisions that are
the resulting functior(fitting parameteis) to the peaK Cen- strongly suppressed using ground-state atoms. In future ex-
sity of atoms in the MT. This results iB~7X10"~"'m°/s

) . . . . periments, the cw loading of different kinds of magnetic
relatllvely insensitive tdy. The c_orrespondmg cross section traps(time orbiting potential291—and optical plug5] trap)

04q IS @bout one order of magnitude less thap. Since the  gng the observed heating will be investigated. Initial phase-
product of the mean MT atom density timgsis about one  gpace densities on the order of T0of 1CF ground-state
order of magnitude less than the inverse loading time CoNgzpromium atoms obtained by cw loading and a final repump-

stant in_elastidd)-|d) collisions do not limit the number of ing process encourage work towards Bose-Einstein conden-
atoms in the cw loaded MT. To date we are not able tOsation.

resolve which one of the possible mechanisms—magnetic-

field instabilities, Majorana transitions, spin-flip collisions  This work was financed by the Deutsche Forschungsge-

that release Zeeman energy, or small angle collisions witlmeinschaft and the Optik Zentrum Konstanz. P. O. Schmidt

atoms that leave the MT after a state changing collision—idias been supported by the Studienstiftung des deutschen
dominant for the observed heating rates. The first two proVolkes.
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