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Trapping an isotopic mixture of fermionic #Rb and bosonic 8’Rb atoms
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We have simultaneously confined fermiorftRb and bosoni¢’Rb atoms in overlapping magneto-optical
traps in which radioactivé*Rb atoms {;,,=33 d have been trapped. We investigaté®b trap loss when
overlapped with a cloud of’Rb atoms trapped from a background rubidium vapor. Collision loss measure-
ments were taken with-5x 10° and~4x 10" atoms of trapped“Rb and®'Rb, respectively. We have found
a trapping solution for which there is negligible additional trap loss¥i&b due to the presence &fRb,
showing that the mixture can be readily prepared for a sympathetic cooling experiment.

PACS numbse(s): 32.80.Pj, 05.30.Fk, 34.50.Rk, 29.25.Rm

The creation of very cold atomic vapor systems is an exin 750-MeV proton spallation reactions on a molybdenum
citing new arena in which one can study macroscopic effectgarget at the Los Alamos Neutron Scattering Center. After
of quantum mechanics. A great deal of success has beénadiation, the target is transferred to a hot-cell facility
achieved in cooling large numbers of bosonic atoms, whiclwhere it is dissolved in hydrogen peroxide and the rubidium
have been shown to collapse into a single motional groungtaction is chemically extracted and precipitated as®&b;.
state, known as a Bose-Einstein conden$BtC) [1]. This A radioactive sample containing 65QCi of 8Rb was
work has spawned interest in cooling dilute Fermi systems t@y54ed into a tantalum crucible and installed in the ion
a quantum degenerate regime as well. Interesting propertieg, rce of a mass separator. The radioactive sample also con-

such as linewidth narrowing and the suppression of inelasti?amed 8 mCi of®3Rb (t,,=86 d) which was also trapped but
collisions have been predictd@] at phase-space densities - ;
comparable to those achieved in BEC experiments. A Bcsg?t discussed further hef®]. We monitor the amount of

type phase transition to a superfluid state may also be ob- Rbt ac;uw(';ytmtt[]he on Eourc]?Bl;Zlnkg a coIhmate_oltNdal
served at still lower temperatures depending on the couplin ounter 1o detect the number o evrays associate

strength between the cold atoifa). ith electron capture of“Rb. The ion source was run at a
For fermionic atoms in identical spin statesyave colli- ~ Setling that provided a moderate vaporization rate while
sions are forbidden argtwave collisions vanish at low tem- Maintaining a reasonably high degree of ionization for ru-
peratures, which brings evaporative cooling to a p&ltone  bidium by controlling the temperatur@ypically ~950 °C)
method of avoiding this limitation, sympathetic cooling us- at the tip of the crucible via electron bombardment heating.
ing two different spin states, has already shown promisingn this way, an ion beam was obtained with an intensity of
results in “°K [5]. However, there are only two naturally ~2x10° 8Rb" ions/s that lasted for several weeks. The
occurring fermionic alkali-metal atom$Li and “%K, which extracted beam is mass separated, collimated, and focused
severely limits the number of systems that can be studied. Athrough a 5-mmg opening into a dry-film-coated, trapping
intriguing alternative is the possibility of trapping radioactive cell (a 7.6-cm quartz cuhpeand implanted into an yttrium
fermionic atoms and cooling them sympathetically with acatcher foil located at the far corner of the cell. After a suit-
system of cold, stable bosonic atoms. Recent calculafi®hs able accumulation period (10—120 min), the catcher foil is
show that®Rb (t,,=33 d) is a good fermionic candidate inductively heated{ 750 °C) to release the implanted activ-
because of its large and positive scattering length WiRb ity into the quartz cell as an atomic vapor where &b
(as=117 a.u. anda;=>550 a.u), which should allow for atoms are trapped. Due to the slow decay rat&mb, it was
efficient sympathetic coolin§7]. A relatively low-field 8 not possible to determine a release efficiency from the
=100 G Feshbach resonance is also predicted forRb  catcher foil by usingy counting; however, based on our
(5Sy,, F=5/2, me=5/2) and (%,,, F=5/2, m;=3/2) earlier measurements witffRb [8] we assume that our re-
stateg[6]. This may provide a means to control the interac-lease efficiency is on the order of 20%.
tion between cold®Rb atoms, effectively tuning the BCS ~ The atomic energy levels relevant to the trapping#tb
phase transition temperature. Th##Rb and 8’Rb offer an  [10] are shown in Fig. @). The #Rb magneto-optical trap
interesting system where a mixture of fermionic and bosonidMOT) uses large-diamet¢60 mm ¢, 100 mm 1&2 width),
quantum degeneracy may be realized. In this paper, we réigh-intensity(8 mW/cnt per beamlaser beams to increase
port on the loading of a magneto-optical traddOT) with  the trapping efficiency. Three beams are derived from a Co-
radioactive®Rb atoms and on the simultaneous trapping ofherent 899-21 ring laser and used in the standard retrore-
8Rb and®'Rb as an initial step toward a sympathetic cool-flected configuration with an axial field gradient of 7 G/cm to
ing experiment. Trap loss d¥Rb is also investigated with form the MOT. We use a feature in th€Rb frequency
and without an overlapped cloud 8fRb. modulated saturated absorption spectrum between$heg,5
The method used to trap radioacti##Rkb atoms is similar F=2—5P3,, F'=1 andF’=1,2 crossover peaKsee Fig.
to that reported earlier fo*?Rb[8]. #Rb atoms are produced 1(b)] that is measured to be 89 MHz to the red of fiRb
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— 2 (12357 Wi the pulsed released and trapping®Rb that has accumulated in the

yttrium catcher foil for two hours. Trac@\) is the foil temperature
) Bst 5S: . F=2 - 5P as measured with an optical pyrometer. TréBgshows the lock-in

12 8/2 trapping fluorescence signal f8fRb as measured with a calibrated
photodiode. The lock-in amplifier has an integration time constant
of 3 s.

Locking

tics that lead to the trapping cell. The fluorescence from the
trapped cloud of*Rb (8’Rb) is modulated at 4.86.0) kHz

by switching the repump EOMSs on and off at their respective
frequencies. The fluorescent light is then focused through a
100-um pinhole onto a photomultiplier tub&MT) or a
calibrated photodiode using a 58-mfill.4 lens and de-
Laser Frequency modulated using lock-in amplifiers in order to reject back-
. ground due to laser light scattering from the trapping cell
FIG. 1. (a) The *Rb atomic energy levelfnot shown to scale surfaces. To ensure good spatial overlap of #igb and

relevant for atomic trapping are taken from R@f0]. The trapping g7, . . . .
and repump transitions are shown, where the trapping transition is Rb trapped clouds, we view the trapping region with two

detuned by the quantith. (b) The Rb reference cell frequency- Charged—couplgd devid€CD) cameras positioned at differ-
modulated saturated absorption signal of tFRb F=2—F’ entgzs':lngl_es. Using neagl7y equivalent sized clotdd mmg)
=1,2,3 transitions . The locking poiltshown as a solid circ)eis of ®Rb in MOT I'and*'Rb in MOT I, we adjust the laser
used as a reference for tA&Rb trapping laser. The locking point is alignment until both cameras show minimal spatial deviation
measured to be 89 MHz to the red of tiRb F=2—F'=3 tran- When one or the other MOT laser beam is block&®Rb
sition. trapped in MOT | was used for this overlapping procedure
because thé”Rb clouds were not typically visible on the
CCDs. The®Rb cloud in MOT | and®*Rb in MOT | were

5Sue, F.:2—>5P3’28'4F =3 transition as the locking refer- o, 4 occupy the same space in the trapping cell by doing
ence point for the®**Rb trapping beam. We shift the fre- careful position scans using the PMT.

quency of the trapping beam from this locking point using a  p typical trapping signal for®Rb is shown in Fig. 2.
combination of acousto-optic modulatofAOMs) on t?e These data were taken aftéiRb ions had been implanted in
'aS%E reference arm to give an overall shift offao the foil for two hours. As the foil temperature riséigace A
~ Viocking point- — 297 MHz. This gives a detuning from the 84Rp, is released into the cell and becomes trapped as indi-
58y, F=5/2-5P3,, F'=3/2 cycling transition of A  cated by the lock-in trapping signéirace B. We used a
= —15 MHz. An electro-optic modulatdEOM) is placed in  calibrated photodiode with a 1-mm pinhole to determine
the main beam and driven at 1.480 GHz so that its seconghe number of trapped atoms. In a calibration run, we im-
lower sideband will generate the repumping transition inpjanted®Rb at a rate of % 10° ions/s for 30 minutes. Upon
BRb (viumg~ Vhap= —2.960 GH2. The system has the releasing, we observed a trapping signal corresponding to
beneficial feature of being able to tr&fRb (introduced viaa ~1.5x10° atoms. This gives a trapping efficiency ef2
getter sourceby locking the laser 15 MHz to the red of the x 1078, which is ~250 times lower than the efficiency we
®Rb trapping transition and adjusting the repump EOMachieved in trapping?Rb [8]. We attribute this drop in trap-
drive frequency to 1.464 GHz. This allows optimization of ping efficiency to the degradation of the dryfilm coating.
the #Rb MOT setup(referred to hereafter as MOT With  This is supported by comparison to a trapping efficiency es-
®Rb before we begin experiments with radioactive speciestimate for single-pass-trapping of hot atoms emitted directly
The trapping light for thé’Rb MOT setup(referred to as  from the foil (i.e., without “bouncing” or temperature re-
MOT 11) is generated from a second Coherent 899-21 ringquilibration with the cell walls Subsequent cell coatings
laser locked with a detuning @f=—8 MHz from the®Rb  using SC-77 type dryfilm have yielded trapping efficiencies
5Sy/;, F=2—5P3,, F’'=3 trapping transition. MOT Il has of ~10"2 in 8Rb. The cause of the dryfilm coating degra-
a combined six-beam intensity of 12 mW/&mA second  dation was found to be the continuous heating of the yttrium
EOM driven at 6.834 GHz provides tH€Rb repump. The foil for several hours at temperatures 6750 °C. We have
8"Rb laser beam is brought in collinear with tA&Rb trap-  corrected for this problem by switching to a zirconium foil,
ping beam just before the expansion and beam-splitting opwhich releases-60% of implanted®Rb at ~750°C and
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has a significantly lower vapor pressure than yttrium at the
same temperature. We also run in a pulsed-heating mode to
limit the amount of time that the foil remains at high tem-
peratureqrelease from the hot foil occurs in less than)3 s

In order to perform the steps required for loading a fer-
mionic and bosonic mixture into a magnetic trap designed
for the sympathetic cooling experiment, it is helpful to obtain
long mixed isotope ¥Rb+8"Rb) MOT lifetimes. To this
end, we investigated*Rb lifetimes with and without an
overlapped cloud of®’Rb. The release of Rb atoms is
quickly stopped when the foil heating is turned @fftakes
~1 s for the foil to return to room temperatyirdhe decay
of 8Rb atoms from a MOT can therefore be described by

dNgy
dt

Vea

PMT Lock-in Signal (nA)
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FIG. 3. Plot showing the decay of half a millioc#fRb atoms
from a MOT. The data fit well to a double exponential de¢sylid
_ line), indicating that there are two loss mechanisms that dominate
=— yNgs— n3,dV, 1 g ; \ . ; -
YHea ’884'84 84 @ for different MOT regimes. At early times, light-assisted collisions

between trapped’Rb atoms dominate the trap lifetime giving rise

where Ng, is the number of®*Rb in the MOT, Vg, is the  to the short-lived componentr(). As the density of the trap is
volume of the®Rb cloud, y is the loss rate for collisions reduced, light-assisted collisions become less important and colli-
with hot background 0asBg4.84 is the loss rate for light- sions with the hot background gas become the main loss mechanism
assisted collisions between trapp&tRb atoms, andg, is  that yeilds the long-lived decay component). The dashed lines

the 8Rb trapped cloud density. We can avoid an analyticafre a visual aid showing the long and short-lived components sepa-
solution of Eq.(2) by looking at two trapping regimes. The _rately, whereas the_solid line is_, a fit_to the experimental data. The
first is the constant density regime that occurs when there i§S€t on the upper right corner is a difference plot for the early part

a large number of atoms in the trap, in our casg0”. In this

regime, the densityrg,) of the MOT remains constant and "€"

the size of the cloud shrinks as the trap deplgids. In this
case, the right-hand sidehs) of Eq. (2) can be simplified to
— (y+ Bgagdss) Ngs, and we therefore have a pure exponen-
tial decay with rate constant d/= (y+ Bgs sdgs) - After the
number of atoms is reduced t010%, the MOT moves into a .
different regime where the volume remains approximatel)}h'
constant, but the density diminishes. Since the light-assiste
collision term scales as3,, the trap loss will eventually be
dominated by background gas collisions as the density de-
creases, leaving- yNg, on the rhs of Eq(2), which also
results in a single exponential decay {3 ).

By measuring the fluorescence decay from tffRb
MOT, we find that the lifetime fits very well a double expo-

dNgy

of the decay that clearly shows a good fit to the fast-lived compo-

We then determined the mixed isotope loss rate for a
trapped cloud of*Rb overlapped with a cloud ot’Rb. To
do this, we prepared a stabffRb cloud trapped from a
vapor as introduced via rubidium getter and then overlapped
s with a trapped cloud of*Rb atoms as released from the
tcher foil. The®Rb decay curve is now governed by the
ollowing

=—¥Nga— B84,84f ngdV— 387,84j NgMgdV,
Vs v

84

2

nential decay(see Fig. 3 when more than Tf0atoms are Where the additional term arises from the mixed isotope
initially loaded into the trap. The difference in lifetime for light-assisted collision loss ratBg,g;. By measuring the
the short-lived] ,=12.8(0.7) s| as compared to the long- short-lived components) of the *Rb signal with and with-
lived componenf 7,=59 (3) s] of the trap fluorescence de- out the 87Rb cloud present, we could determine if any addi-
cay curve indicates that light-assisted collisions are thdional loss was introduced due to mixed isotope collisions.
dominant mechanism for trap loss in the constant densitMeasurements were taken when both species were in the
regime (at early time$ and decrease in significance as theconstant density regime with5x 10° trapped®'Rb atoms
trap depletes, until the lifetime is limited only by backgroundin MOT | and ~4x 10" ®Rb atoms in MOT li(see Fig. 4

gas collisions. The measurement was taken with a total sixFitting the ®Rb lifetime in this regime gives;=13.4(0.7)
beam laser intensity of 48 mW/&n8“Rb trapping transition s without the®’Rb cloud andr;=11.1(0.5) s with the ®'Rb
detuning ofA=— 15 MHz, and a constarf* Rb density of  cloud overlapped. Thé’Rb and ®Rb MOT densities were

3x 10 cm2 based on cloud fluorescence and size meaboth measured to be>310'° cm

~3, which when combined

surements. Using the constant density approximation for Equith the difference in lifetime gives @g; g,~5(3)x10 3

(2) at early times, we obtain a light-assisted collision trapcm®s™*. This value was measured with a six beam laser
loss rate ofBgsg=3(1)x10 ' cmPs %, which is in the intensity for #Rb (**Rb) in MOT II (1) of 12 mW/cnf (48
same range as previous homonuclear light-assisted collisiomW/cn?) and trapping transition detuning afg,~—8
loss rates measured f8tRb and®’Rb under similar trapping MHz (Ags~—15 MH2). Under these conditions3g; g4 is
conditions[12]. The uncertainty fof8g, g4 is mainly due to ~ small because the low trapping light intensity used 6Rb

the absolute uncertainty in measured trapped cloud densiiy MOT Il reduces the likelihood for light-assisted collisions

that is estimated to be 30%.
011402-3
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............... 0 (¢, = 13.4(7)9) and 8'Rb will then be transferred to the second cell from
T 100\ a1 Tho e = 111 () which they will be loaded into a _time—orbit!ng potential
2 (TOP) trap[13]. We have already gained considerable expe-
3 rience in MOT to MOT transfer and the loading of atoms
N . . .
E 0.5 into a TOP trap during arf?Rb B-asymmetry experiment
S [14].
= In summary, we have trapped radioactf&b atoms and
00— demonstrated the simultaneous trapping ¢fRab and®Rb

mixture in overlapping magneto-optical traps. We have also
found trapping parameters for which the addition of a stable
FIG. 4. Normalized trap lifetime measurements fRb with- 8Rb cloud does not significantly affect the trap lifetime of

out (dotted ling and with (solid gray line an overlapped cloud of the #Rb MOT. With cell coating improvements, it now ap-
87Rb. These data were taken with bdfiRb in MOT | and®’Rbin  Pears promising to trap a sufficient number*Rb atoms to
MOT II under the constant density regime. Numerical fits of the proceed with the sympathetic cooling &fRb with a Bose-
data yield the short-lived lifetimer) for each case. Einstein condensate 6f'Rb in order to produce and study
Fermi degeneracy ifi*Rb as well as to explore mixtures of
ultracold fermionic and bosonic matter.

Time (s)

s fill-time measurement fo?’Rb alone, which indicates that
the lifetime is limited only by hot background gas collisions  We thank Frank Albeelen, James Burke, Eric Cornell,
and that light-assisted collisions féfRb in MOT Il are in-  Steve Lamoreaux, and Bouderjiwn Verhaar for many helpful
consequential. This shows that under these trapping condtiscussions related to this project. We also thank L. D. Ben-
tions a®Rb and®’Rb mixture can be simultaneously trapped ham, M. Archer, and the Chemistry Science and Technology
in overlapping MOTs without significant additional loss of Division machine shop for their excellent technical support.
8Rb. Moreover, without a significant change in MOT life- Special thanks also goes to Eric Burt of the U.S. Naval Ob-
time, the loading of the magnetic trap for the sympatheticservatory for work that will be instrumental in the next stage
cooling experiment is not very time critical. of this experiment. This work was supported in large part by

Our future plans for the sympathetic cooling experimentthe Laboratory Directed Research and Development program
are to complete construction of the magnetic trap and t@t Los Alamos National Laboratory, operated by the Univer-
couple it to the first trapping cell. A trapped mixture ¥Rb  sity of California for the U. S. Department of Energy.
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