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e-mail:etienne.marechal@univ-parisl3. fr [6]. Atoms that come along with a diversity of naturally abun
Abstract We report on a strategy to maximize the numberdant isotopes (such as Ytterbium and Chromium) are appeal-
of chromium atoms transferred from a magneto-optical traping in the prospect of producing and studying mixtures of
into an optical trap through accumulation in metastablesta fermionic angdor bosonic quantum degenerate gaseés [7]. Fur-
via strong optical pumping. We analyse how the number ofthermore, group Il atoms (like Aluminium, Gallium and In-
atoms in a chromium Bose Einstein condensate can be raisetium [8]) as well as Iron[[9], have been optically manipu-
by a proper handling of the metastable state populations. Fo lated in view of potential applications in nanofabricati&it
laser diodes have been implemented to address the four lewally, cooling of highly magnetic atoms opens the posdibili
els that are populated during the MOT phase. The individ4o study the &ect of dipole-dipole interactions in degener-
ual importance of each state is specified. To stabilize two ofated quantum gases. Among these atoms, Chromium atoms
our laser diode, we have developed a simple ultrastable pagarry a magnetic moment of g, Erbium atoms of 7ug
sive reference cavity whose long term stability is bettanth [10] and Dysprosium, recently laser cooled in a MQTI[11],
1 MHz. of 10 ug. Chromium BECs have been produced during the
last five years in the group of T.Pfau at the Stuttgart Univer-
sity and in our group [12,13]. This article is devoted to the
optimization of the production of such a BEC using an all-
optical procedure. Even though we concentrate on our spe-
cific atomic species, the techniques that we present to reach
degeneracy and raise the number of condensed atoms, apply

Ultracold atoms have found a large amount of applicationg© many other experimental endeavors in which the handling
ranging from Bose-Einstein condensation (BEC) to excﬁlwn of Ieaky transitions, the accumulation in metastable staiel
accurate measurements. The achievement of BEC in ultracoldie need for an optimized loading into an optical trap are-tec
dilute gases triggered a burst of activity devoted to theeexp hical bottlenecks that need to be overcome.

imental investigation of various fundamental issues innqua In this paper, we precisely describe the loading of an op-
tum physics. Numerous experimental setups are operated tical dipole trap directly from a MOT. Metastable states are
enlarge the field of applications of trapped ultracold atomspopulated in a MOT by optical pumping, and are trapped in
[1]. Most of these experiments are performed with samples of single beam horizontal optical dipole trap. Thus, cooiing
alkali atoms that are relatively easy to cool down to the micr the MOT and trapping in metastable states become indepen-
Kelvin range in magneto-optical traps (MOTSs), and that candent. This reduces light-assisted density-limiting peses,

be evaporatively cooled down to the nanoKelvin range afterand allows for a larger density in the optical dipole trap, in
their transfer into a magnetic trap (MT). The extension ofthe spirit of the dark spot physics [14]. We describe the op-
the cooling techniques to other atoms is attractive for seviimization of the loading process by use of optical depump-
eral reasons among which one can quote only an arbitraring towards four dferent metastable states. We find that the
selection while, of course, some atoms are pertaining to sevotal number of atoms accumulated in metastable states is
eral classes of applications or scientific goals. Seveomhat relatively independent of the metastable states in whieh th
possessing more complex internal level structure than alkadepumping is achieved, but most sensitive to the depumping
lis are appealing for optical frequency precision metrglog rate. We find that optimum loading arises when the depump-
(earth-alkali atoms like Calcium[2], Strontiuml [3] and Mer ing timescale is comparable to the equilibration (or dampin
cury [4]) or for testing ultracold collision theories| [5]aBh  time in the MOT. Such a strong depumping depletes the MOT
alkali atoms have also been proposed as quantum registeatom number so that light assisted losses (particularyngtr
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in the case of Cr) becomes negligible and do not limit thea 2D-MOT trap that shares the same magnetic potential. Af-
loading dficiency anymore. ter a Doppler cooling stage, necessary to increase thaliniti
Another beneficial consequence of the strong depumpingphase-space density, and a first evaporation stage in the mag
is that by limiting the MOT density, it limits the rescattegi  netic trap, atoms are transferred into a dipole trap. Onee th
of light, leading to MOTs of small size which nicely match dipole trap is loaded, atoms are optically pumped into the
the size of the optical dipole trap. This leads to a very goodowest energy level'Sz, m; = —3), to overcome the inelastic
transfer rate of atoms from the MOT to the dipole trap, whichdipolar relaxation processes [19], and the final evapanatio
is very hard to achieve with MOTs having a larger size. Weramp is performed in all dipole trap and then in a crossed
also discuss the impact of this optimization on the BEC pro-dipole trap. The whole evaporation procedure cannot be per-
duction. The Appendix describes an ultra-stable FabrptPer formed entirely in a magnetic trap because chromium exhibit
cavity, with very good long term stability, which we use to large dipole-dipole inelastic collision rates that prelduhe
lock two laser diodes repumping two of the four metastableBEC formation [19]. The dipole-dipole collisions lead te re
states involved. laxation of the initially magnetically trapped low field see
ing state (n; = +3) toward state of lower energy, which re-
leases kinetic energy. To avoid this mechanism, atoms have
2 Strategies for the creation of a Chromium BEC to be trapped in the true fundamental staig £ —3), which
cannot be trapped in a magnetic trap, so that a dipole trap has
Reaching quantum degenerate regime with chromium atomt be used.
is difficult, due to unfavorable collisional properties. Specific
strategies had to be invented to tackle with particular mag-
netic and spectroscopic properties of chromium. An impor-  In Villetaneuse, we follow a shortcut by directly loading
tant particularity of chromium is that inelastic light asteid  a dipole trap with metastable atoms from the MOT, to bypass
collision rates are abnormally high. As a consequencensium the intermediate loading stage of atoms into @ddPritchard
magneto-optical trap clouds are small, both in size and atontype magnetic trap. We have demonstrated that a one beam
number, limited to less than 1@toms. For example, the first dipole trap can beféciently loaded during the MOT phase
MOTSs to be obtained [15,16,17] were limited to®lftoms.  [20]. For this setup, an horizontal dipole trap is focusetthat
As shown in Fig[L, laser cooling is realized using the almostposition of a conventional MOT (comprising a quadrupolar
closed strondSz — Py transition at 425 nm. Atoms in the magnetic field) so that metastable atoms accumulate in the
excited”P, state can decay to ttD, and °Dz metastable combined magnetic plus dipole trap: atoms are trapped by
states with a branching ratio of the order of 10A natural  dipolar forces transversally and by magnetic forces albeg t
idea is to plug these leaks by shining two lasers resonaht witdirection of the dipole trap beam. Our strategy to reach the
the transitions between these metastable states andPshe guantum degeneracy involves, as a crucial point, the maxi-
or 'P3 state (due to stronger transition strengths, we repumpnization of the number of atoms accumulated in this com-
the metastable atoms via thBs state). Even with these two bined trap.
repumpers on, the atom number in the MOT remains lim-
ited to a few 16 atoms because of light assisted collisions.
Strategies to produce chromium BEC have to deal with this A first original idea was to cancel out théect of the
relatively small number of atoms in the MOT. magnetic trap on metastable atoms during the accumulation
The metastabléD levels dfer a means to prepare large stage using rf-sweeps. We have demonstrated that in peesenc
samples of cold atoms from a MOT. Indeed, as shown inof appropriate rf-sweeps, metastable atoms producedgliurin
figure 1 and stated above, atoms’Py state can decay to the MOT phase accumulate inpare dipole trap. The MOT
metastable leveRD, and®Ds. If their internal magnetic num-  is unafected by the presence of the strong rf fields used dur-
berm; is positive (i.e. if they are in a low field seeking state), ing the rf-sweeps. This scheme allows to trap both the high-
they remain trapped by the magnetic field gradient producedield and low-field seeker atoms in the dipole trap, and de-
by the MOT coils, while they are immune to the MOT light. creases the confinement along the trapping laser beam prop-
In addition, as the magnetic moment of chromium atoms isagation axis. We have shown that this rf sweep scheme in-
as high as @ig for the fully stretched states, chromium atoms creases the number of atoms loaded in the dipole trap by 50 %
are supported against gravity by moderate magnetic gresdien[21]]. A second decisive step was to force new leaks towards
compatible with the optimal MOT working point. metastable levels by using a depumping laser, to increase th
This continuous loading of the magnetic trap with metagtabumber of atoms initially loaded in the dipole trap. In pedti
atoms is the first key step in the road leading to the achieveular, the accumulation in a new metastable st¥8e, turned
ment of the first chromium BEC [12,18]. From this point, the out to be a decisive step to reach BECI[13]. In the present
strategy of the Stuttgart group is the following: they load apaper, we quantify in details the contributions of théeti
few 10° chromium atoms in a Iée-Pritchard (IP) magnetic ent metastable levels. This allows us to optimize the atom
trap, using only théD, level as a reservoir, theD; state  number in the BEC, using a procedure that enables the inde-
being continuously repumped with a laser resonant with thgpendent addressing of each of the metastable states that can
5D3 — ’P5 transition. This IP magnetic trap is loaded from be loaded from the MOT into the optical trap.
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4 Loading of a dipole trap with metastable atoms

4.1 Experimental setup

Our setup to implement a dipole trap has been already pre-
sented in[[183,20]. An horizontal retroreflected infra-rég)(
laser beam (35 W max, = 1075 nm) is focused at the MOT
position with a waist of 42um. This far red detuned laser
realizes a dipole trap into which cold metastable atoms ac-
cumulate. The four metastable levels can be addressed using
four independent red laser beams (see Hig. 1), allowing to
repump each metastable state through’®gexcited state.
We give in the appendix the technical details in relation to
the frequency stabilization of these four repumping lasers
Fig. 1 Simplified Chromium energy scheme, showing the relevari$eand transi- At the MOT position, these red laser beams have a power
tions. The strongSs — P4 transition at 425 nm is used for cooling. Th8; — "P3 of typica”y 5mW and a1 mm A-)z radius. The sequence
transition at 427 nm is used for depumping, with a power oft80 Atoms accumu- . . .
lated in the four metastable staté®,,%Ds,%D, and®S, can be repumped into the of accumulation is the foIIowmg. at=0, the MOT laser at
fundamental state using four independent red laser beaitis\avelengths between 425 nm. the depumping laser at 427 nm and the trapping IR
633 and 663 nm.) ! . .

laser are switched on. For all these experiments, the IR lase

power was set to 30 W. In addition, during the accumulation

sequence, the rf-sweeps are always switched on. As exglaine
3 Metastable level scheme above, metastable atoms accumulate therefore in a one-beam
pure dipole trap[[21]. As we have developed a laser setup
that can address independently each metastable statenwe ca
choose to accumulate into one single metastable statecor int

o _ different states simultaneously by switching on firtbe red
As shown in Figl1L, metastable states have to be taken into a¢;qer addressing the corresponding state during the adaumu

count when cooling C-hronlj?ium. As7already r.n-entioned, when;o, stage, as explained in the next subsection. When a given
atoms are cooled using t 635_’ P4 transition at 425.6 o4 |aser is on, the leak to the corresponding metastatite sta
nm, metastable staté®, and °D; are populated due 10 a s plugged’. After a given accumulation time, the MOT mag-
weak coupling between these two states and the excited stajgsic field. the MOT beams and the depumping 427 nm laser
7 -y e . ) b

P4. In addition, by exciting the P state with a 'depump- 4 switched fi. The four red laser beams are switched on

. A ’ Buring 30 ms to repump all the metastable atoms into the fun-
also populated *D, and®S,. The couplings between these damental stat&S,. Atoms are then polarized in the, = -3

four metastable states and the two excited stRe@nd’Ps  giate with ao— pulse resonant with théS; — 7P transi-

are listed in Tal.11. These couplings remain small comparedoy at 427 nm, in presence of a bias field of about 2 Gauss.
to the ones between tH&; state and the two excited states Finally, the optical trap is switchedfio and after a time of

Py and71P3 which are characterized by a transition rit&  fjigh of typically 1 ms, the atom cloud is imaged by absorp-
3110s™ [22]. When only the main transition at 425 nmis ;o imaging using a laser circularly polarized and resénan
excited, the branching ratio between transitions to %bg with the cooling transition at 425 nm.
state and théS; state is of 41 10°. For this reason atoms
have time to befciently cooled in the MOT before they de-
cay into the metastable states. Coupling to iBe state is . . . .
str)c/)nger than to the other metastablepsta?es, and atomgcan 6‘2 Sm_ultaneous or independerit loading of the digferent
accumulated mostly in this state, in presence of the depum;{-%ervoIrs
ing laser, as demonstrated by the reported below experahent
studies. We have studied the influence of thétdrent repumpers on
the accumulation of metastable atoms in the trap. A naive
idea is that the number of accumulated atoms should raise
if we increase the number of reservoirs. Nevertheless, for a
given reservoir, loaded with only one given state, the maxi-
P, 130710 | 2910° | 610 | unknown | unknown mum number of atoms ip this reservpir is fi_xed b.y.an equi-
Table 1 Transition probabilities i (from the NIST Atomic and Spectra Database Hbrium bgtween the Ioadlng rate and |n-ellast|c collls_|91!esa
22}, and from [23)). The loading rate is related to the transition probabilitas:
ulated in TabJL and to the power of the cooling and depump-
ing lasers, which sets the excited state populatiofPinand
in ”P4. Inelastic collisions which limit the number of trapped

'S; °S, °Dy °Dy °D,
P, | 31510 | forbidden | 127 42 forbidden
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metastable atoms are of two types: light assisted inelestic  b) leads to the same number of accumulated atoms than ac-
lisions with “P4 and ’P; atoms and 2-body inelastic colli- cumulating in all metastable states (colua)n

sions between metastable atoms. When several reserwirs ar - por example, in case there are two metastable states, the
loaded simultaneously, 2-body inelastic collisions be&we rate equations read

the diferent metastable states also occur. The optimization

problem at stake is therefore complex, the number of param-

eters being large, and the interspecies inelastic callisites dN, N, N,
between the metastable states being unknown. InFFig. 2 we gt = Nmor/1 = B~Nu = BNy 1)
show the comparison between the final number of atoms that dN, N, Ny
can be loaded in the dipole trap when all the metastablesstate — = Nmorl2-B—No - B—N; (2)
are populated during the accumulation phase (column a), and dt dN v v
when only one of these reservoirs is filled during the accumu- % =T — Nyot(T'1 + ) (3)

lation phase, the other metastable states being contilyjuous
repumped (columns b to €). We obtain a surprising result :

as shown by the first two columns, when one accumulates : .
atoms in all the metastable states (coluayror only in the WhereNy 2 mor is the number of metastable atoms in states 1,

5S, state (columib), the same final atom number is reached 2t0tr n thedDAgTyBe%[het.meltastlc IOISS p?rametetrhm (;netastable
within the experimental error bars (L0 %). In other words, .o est, an ! ? . ecl|ve drgp \;ﬁ uTned.l’Z aret efthep;\J/lrg?r'
we obtain the same final result if we repump iz, D5 Ing rates Into states 1 andizis the ‘oading rate ot the :

and®D; levels continuously or if we repump them only at the EI|Ote that, glvhenhthet I'%ht ﬁj'sﬁd CO"'St'_OnS it{e QOtf ?r?gllg
end of the accumulation phase thugeetively accumulating €, anewterm has o be added fo equations - 10 5 oTthe-form

atoms in these states. TR, state is therefore a reservoir 2P-"votNi wherenyor is the density of excitedP, atoms, .
that allows simply by itself to optimize the trap loadingdan smd,Bp_i is the the I|ght assisted loss rate between atoms in
is more favorable than any of the metastatilestates. We P4 state and atoms in state 1, 2 or the MOT atoms.
will therefore focus on this particular state in the next two ~ We solve this set of simple equations in twdfefent
paragraphs. We also show on columthe population distri- ~ cases. In the first case, we assume that metastable atoms 2
bution of the diferent metastable states at the end of the acare continuously repumped, so that atoms only accumulate
cumulation, when the four channels are open. To perform thign state 1. The steady state for the MOT atom number is
measurement, we have repumped only the measured chanrfdior = 7, and the steady state for the metastable atom
at the end of the accumulation phase; the number of atomgymper isN; = /Y. In the second case, we continuously
accumulated in the ground stdi®; is obtained when we do | B both bl odi
not repump any metastable states. We observe that atoms agecumu ate atoms in both metastable sates, correspording t
mainly loaded irfS,, 5D, state and also in the fundamental @ Steady state situatiotvor = 727 andNy + Nz = /¥
state’Sz. Comparing columnb to e with columna show that This simple model (which can be easily extended to in-
for a given state, the number of accumulated atoms is maxig|yde the four metastable states) hence reproduces our main
mized when the other states are not populated. If not, inelassyxperimental observations: accumulating in all metaststaites
tic collisions with other metastable states increase theel® g in only the5S, state (by continuously repumping all other
and lead to a smaller steady state atom number. Finally, Wghetastable states) leads to the same final atom number. The
obtain that only very few atoms are accumulated in%e  reason for that is that depumping to ft8 is so fast that in-
state (columre). Indeed when all repumpers are on (column g|astic losses can be neglected in the ground state, sethat r
f), we obtain almost as many atoms as when all but the 64'hymping all metastable states but one results in opticafpum
nm repumpers are on. We therefore estimate that 083 jng to the state which is not repumped. The qualitative agree
atoms are accumulated in tAB; state to be compared to the ment between our observations and our simple model also in-
2.10° atoms accumulated directly fi8s. This indicates that  gicates that the inelastic loss parameters corresponalthgt
the coupling rate betweéi, and’Ps is very small. different combinations of metastable atoms are of the same
order of magnitude. The experimental results show never-
A simple theoretical model can account for these expertheless that, when we do not accumulate atoms i 8e
imental findings. We will show here that the experimentalstate by repumping continuously this level with a repumper
outcomes can be explained by assuming that depumping iat 633 nm, we accumulate less atoms (columns c,d e) in other
metastable states is achieved in a timescale which is shostates. This shows the limitations of our simple model: first
compared to the timescale for light assisted losses in th& MO the 2-body loss rate parameter fiid4 state is twice bigger
(as will be checked in next paragraph). We will also assumethan for®S, (as measured in subsectibnl4.4) leading to fi-
that the inelastic loss parameters for alffgient combina- nally less atoms accumulated in this state (column ¢). Skcon
tions of metastable states are all roughly equal. With thes¢he depumping rates to tR®; and®D, states are very small
two only assumptions, simple rate equations account for thao that in addition light-assisted collisions are no motlyfu
observation that accumulating only in th8, states while  negligible when we accumulate only in these states (column
continuously repumping all other metastable states (columc and e).
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t ing beam, the MOT fluorescence is decreased by a factor of
Al 5s, two so that we can estimate thBtg ~30 ms. This time is
147 s six time larger thafT gepump cONfirming that light assisted col-
— | D~ = lisions are not limiting the loading of the dipole trap when
o 5 . . . .
= accumulating ir’S,. Note however that if we accumulate in
5 D, ‘D 5Dy, 3., the timescale for depumping is raised by a factor of at
£ . least five so that light assisted collisions may then play& ro
" and limit the atom number.
€ °D,
S
< ‘s, X - - .
‘D, s, N O
- = 124 0:: :
a b c d e fo - : .
2 104 :: 2 .
Fig. 2 Numbers of atoms in the dipole trap, after the accumulatiahtae repump- 5 :: :
ing in the fundamental staf&s. (a) simultaneous accumulation in all metastable states, o 08 < -
and state composition. (b)-(e) : accumulation in a singsemeir, the other reservoirs E :
being plugged during the accumulation phase. (f) Accuriardadnly in 7Sz when all < -
the reservoirs are plugged. 06
04—
N 5 .
4.3 Optimization of the °>S, loading 02y

T T T T T
20 40 60 80 100 120

In Fig.[3, we present the number of atoms accumulated in the Depumping laser power (W)

dlpOIe. trap when onIy th%.z state is loaded durlng the accu_- ig. 3 Optimization of the number of atoms accumulated in ¥8g state in the
mulation phase as a function of the power of the depumpingipole trap as a function of the depumping laser power. Tamatumber is measured
laser (at 427 nm)_ This laser is circularly p0|arized, anmbis after repumping in the fundamenté$; state. The initial non zero value when the re-

. X . . pumper is @& corresponds to atoms directly loaded in the dipole trap fioenMOT in
limated with a ¥€? radius of 1.5 mm at the output of an opti- tne’s, state.

cal fiber and shone to the MOT. We observe a plateau of op-

timal values between 30 and @WV. If the depumping power

is too small, there are few atoms in the excit® state and

the loading rate to théS; reservoir is too weak. The num-

ber of atoms increases with the depumping laser power untif 4 Inelastic collisionsin the °S, state

the saturation is reached. If the power is too strong, amothe

phenomenon occurs. The MOT ifiécted by the depumping g5, state is a particularly interesting reservoir, because
laser: we observe a decrease of the MOT fluorescence Wheg); ingings show that the loading is almost optimal when
the depumping laser power is raised. The optimum loadingy;o g accumulate only in this state. The loading rate tHioug
is reached when atoms have time to be cooled by the MO,e coupling with the P; state is five times bigger for this
befo_re dgcay_mg into the metastabl_e states. To estimate th§,ie than for théD, state (Tab[11,[[22]) which favors the
cooling time in the MOT,Twor, we first accumulate atoms 5. mylation in this state. In the dipole trap, the number of
in metastable states in a magnetic trap (the dipole trap .. mylated atoms is limited by inelastic collision ratsfs.
switched-df). We then switch-on the MOT laser beams with e therefore measured the 2-body inelastic collisioa rat
the repumping lasers for an adjustable time and we Measulg of this state. For this, we measured the decay off@e

the time evolution of the initially large volume of the mag- 515 m number: once we have switchetithe depumping and
netic trap toward the steady state MOT volume. We obtain g,,o MOT laser beams, we repump & state and take an
1/etime evolutionTyor = 10 ms. This time has to be com- 4psqrption picture after a given time. During the decay, the

pared to the tim& gepump SPent by atoms cycling inthe MOT - 4o ity variation is locally governed by the following equa
before being depumped. To measiifgoump, We monitor the

MOT fluorescence change when we switch on the depump-

ing laser. The MOT fluorescence steady level evolved within dn(r, t

a time scal€T gepump to a slightly lower value. For a power dt, = -I'n(r,t) — gn(r, 1) (4)

of 35 uW we measure a/& time constant off gepump = 5

ms. These results confirm that the optimal loading is obthine  wherel” characterizes the one-body losses. In the present

whenTgepump @andTyor are of the same order of magnitude. case, one body losses are mostly due to collisions with hot
We also compare the depumping tifi@ump to the time  atoms coming from the thermal chromium beam, while in

associated to light assisted collisiofiggy. We estimate this  presence of the MOT beam light assisted collisions between

time by measuring the MOT lifetime, when all the repumpersatoms contribute also to the 1-body loss rate. We have cddecke

are ON, and when we suddenly switdffi the Zeeman slower experimentally that the shape of the atom density is well fit-

beam. We measufB gw=14 ms. In presence of the depump- ted by a Gaussian distribution, independent of timret) =
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2.2 2
(+542)
NO 33 2 whereV, = XoYoZorr¥2. In that case the solu-

V
tion of Eq.[4 can be integrated to give the evolution equation

of the total atom numbe(t):

dNe® _ p

= —I'N(t) - N(t)?
dt (® = 537 NO (5)
The solution of this equation is given by :
N —1't
NG = (6)

+ 01— e

B

wherea = v, andNy = N(t = 0). The observed non
exponential decay is presented in Hi. 4. The fit to the dat
using Eq[b yieldsr , Np andr". The value of3 is related tax
with the relations = 2%2aVy = 2%2aNy/ng whereng is the
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atoms number (x10°

S,

1
1000 1200

Time (ms)
Fig. 4 Decay curve for the number of trappé8, atoms after the MOT and re-

pumper beams have been switchetl @he fit using Eq[ yieldg = 1,321071!
cn.s! for the two-body loss cdcient (full line).

4.5 Relevance of the di i fferent metastable repumpers for the

chromium BEC production

initial peak density. The direct measurement of the densityBefore the conclusion, we sum up here our accumulation pro-

by in situ absorption imaging is not possible as all the light
absorbed at the center of the cloud, leading to truncated a

cedure for the production of the BEC (typically containirigy 1

0 20 thousand atoms in a pure condensate). As pointed out

sorption profiles. For this reason, we deduce the peak atomifh sub-sectiofi4]2, two equivalent procedures can be used to

density from measurements of the dipole trap beam paramgg .4 dficiently the dipole trap

ters and by using the theoritical light shifts. The powerhef t
optical trap laser is 2 x 30 W at the MOT position, the waist
iswp = 42 um and the estimated light shift is 12.9 MHz for
the5S; state. The theoretical calculation of this light shift is
presented in([20]. The peak atomic density is then obtaine
by substituting a parabolic approximation to the dipole po-
tential, and by considering a Maxwell Boltzmann distribu-
tion for the atom density in this potential. The temperatsre
measured by time of flight. For the conditions of Hiyj. 4 we
found a temperature of §K and we obtained a peak density
of 1,30.10' cm giving a value of8 = 1,3.10 1t cmi.s 2.
With additional measurements, we finally estimated a valu
of =1,6.101+0,4.10 " cm®.s. The main error comes

from the estimate of the peak density. Using the same pro

cedure, we measured the inelastic decay rate iREhestate

to be 35.10°! cm’.s™L. This value is in reasonable agree-
ment with the already reported value 06240 cm?.s?
and 33.10°! cm®.s? [23/24]. We therefore conclude that
the collisional properties of theS, state are slightly more
favorable to accumulation than those of fii, state ag is
about twice smaller fotS..

before starting the evapora-
tion phase: either accumulating atoms in 0P8 or accu-
mulating atoms in the four metastable channels (column a of
Fig.[2). We use this last procedure: the repumping laser are
witched-df during the accumulation phase, and are switched-
n at the end to transfer all metastable atom&3a In ad-
dition, we add, as explained in[13], a 'dark spot’ repumping
laser during the accumulation phase, resonant ofiShe—
P53 transition that continuously recycléS, atoms that are
not in the dipole trap volume. This 'dark spot’ laser (which
was not used during the studies presented in this paper) al-
lows to increase the final atom number in the BEC by 10%.

8\e can finally estimate the relative importance of thigeti

ent repumping lasers. In our case, if we do not repump atoms
in the®S, state at the end of the accumulation we obtain no
BEC. If we do not repumpD,4 atoms we decrease the BEC
atom number by 78 %. And if we do not repurfips atoms,

we decrease the BEC atom number by 25 %. Finally, as al-
ready mentioned previously, the repumping of e state

has no &ect on the final atom number on the BEC so that we
do not use this repumping laser for the BEC production.

We also obtain that in the present case, the number of
atoms loaded in the dipole trap is limited by two-body inelas 5 Conclusion
tic collisions between metastable atoms (as if [20]). This i
very different from the case of the accumulation of metastabléMe have presented here our strategy to optimize the loading
chromium atoms in a magnetic treip [23] 25], where light as-of a dipole trap for the production a chromium BEC. The
sisted collisions between excited atohi® from the MOT  dipole trap is directly loaded during the MOT phase and we
and metastable atoms are the dominant limiting mechanism&ptimized the loading by using a controlled depumping to-
This fact is clearly confirmed by the following experimental ward metastable states. We have shown that the depumping
observation: when we measure the decay oP8jestate pre- s strong enough to overcome the light-assisted limitina pr
sented in Fig. ¥ in presence of the MOT, the initial decay, i.e cesses. The optimal depumping is obtained when the depump-
when the density is high, is unchanged. This also confirmsng rate is of the order of the MOT formation (damping) time
that the simple model presented in subsection 4.2 is valid. Tyor. We also focused on the relative relevance of the four



Optimized loading of an optical dipole trap for the prodantof Chromium BECs. 7

metastable states. We found that #$e state is more favor- A Appendix: Description of the passive ultrastable
able than the other metastable states in view of raising theavity
overall final number of trapped Cr atoms. We related this to
the inelastic collision ratg of this state and compared its The repumping lasers frequencies are generated by four in-
value to the one of the that states. We also found thatBhe  dependent extended cavity laser diodes delivering a pofver o
state is only very weakly coupled {® states so that it takes 10 to 25 mW. To address the metastable states, each laser fre-
no part in the BEC production. quency has to be stabilized within 1 MHz to the correspond-
In the appendix, we have presented a method of stabilizing chromium atomic transition.
ing the frequency of laser diodes by locking them to a passive  For this purpose each laser’s frequency is locked to an
ultrastable Fabry-Perot cavity. The method requires vieny s environmentally isolated Fabry-Perot stable cavity ushey
ple mechanics, optics and electronics. It could apply toynan pound Drever Hall (PDH) techniqui [26]. In brief, the laser
experiments in the ultracold atom physics domain. beam s first split in two, the main power is used for the exper-
Acknowledgments: LPL is Unité Mixte (UMR 7538) of iment and the other partis used for the lock. The laser ctirren
CNRS and of Université Paris Nord. This research has beefs gently modulated to a fixed frequency chosen between 10
supported by Ministere de I'Enseignement Supérieur et dex\nd 20 MHz, through a bias T connected to the laser diode.
la Recherche (CPER) and by IFRAF (Institut Francilien deThis modulation gives rise to two main sidebands in the laser
Recherche sur les Atomes Froids). G. Bismut acknowledgegrequency spectrum. The reflected light from the Fabry-Pero
financial support by IFRAF. We thank the members of thecavity is detected on a fast photodiode. The phase sensitive
HOTES group from LPL for giving us the ULE rod that we detection at the modulation frequency gives the PDH disper-
used to build the ultrastable cavity. sive error signal. This error signal is treated with a stadda
proportional integral dferential regulator and then used to
lock the laser frequency through the regulation of the laser
current and of the piezo voltage of thefdaction grating of
the extended cavity. With the PDH locking technique, many
lasers can be locked on the same cavity, simply by assigning
a different modulation frequency to each laser. For practical
reasons, we have developed two distinct cavities to lock the
four repumping lasers. The mainfidirence between the two
setups lies in the Fabry-Perot reference cavity.
For the first cavity, the cavity’s length can be scanned by
a PZT and locked to th&S; — P, transition of°2Cr by use
of saturation spectroscopy. This set-up was developectin th
early stages of the construction of our experience [17] and
is used to lock the two diodes at 663 nfbDg level) and at
633 nm PS; level), corresponding to the two most impor-
tant transitions. Indeed, with only these two diodes locked
we can produce a BEC. The Fabry-Perot cavity is first used
to frequency stabilize the 851 nm Ti-Sapphire laser (from
Tekhnoscan), pumped by a Verdi laser (from Coherent). The
IR laser light is then frequency doubled in an external gavit
at 425 nm. Finally, the Fabry-Perot cavity length is locked t
the 'Sz — 7P, transition using a saturated absorption in a
chromium hollow cathode lamp. One important drawback of
this setup is that the fierent feedback loops are highly in-
tricate. If, for example, the Ti-Sapphire laser or the lazer
the doubling cavity suddenly unlocks, the Fabry-Perot cav-
ity is then no more referenced and locking of the repumping
lasers has to be carried out again. As we have added two new
red repumpers, we have decided to implement a passive refer-
ence cavity, whose length is therefore fixed in time and can be
used everyday as a robust absolute frequency reference. We
will describe here in more details the passive cavity, wigch
a simple versatile system that can be useful to many experi-
ments where a long term stability is required.
The ultra-stable cavity scheme is shown in Fify. 5. The
cavity is a degenerate confocal cavity, with a measured fi-
nesse of 82. The two converging spherical mirrors (cureatur
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from the internal surface of the vacuum vessel. The temper-
ature of the cavity is set to 28C, slightly above the room
temperature. The room temperature is regulated f@€28ith
fluctuations less thanl°. The time constant of our Pl correc-
tor is set to 100 s so as to compensate for fast thermal fluctu-
ations. In all cases it takes around 10 hours for the system to
stabilize to a regime where the temperature at the measure-
ment point on the surface of the ULE rod varies by less than
500uK. This temperature is measured by monitoring the er-
ror signal. We achieve a long term (1 year) stability below 1
MHz , tested using a frequency stabilized He-Ne laser at 633
nm. Using an AOM, the frequency of the laser light is swept
over a free spectral range of the cavity and the positionef th
transmission peak of the laser light in the cavity is spotted
at each frequency sweep. We could also daily check that the
frequency of the cavity is stable, within 1 MHz, compared
to the frequency of the’Ds — ’P3) repumping chromium
transition at 654 nm.

During the development phase, we have measured the Co-
efficient of Thermal Expansion (CTE) of the whole cavity
by ramping slowly the temperature of the ULE rod (3 days
from 20°C to 35°C). Although a temperature dependence
of CTE is recorded during measurements, a significant hys-
teresis on the temperature dependence of the cavity length

radius of 300 mm) are fixed at the extremities of a Ultra Low IS 0bserved during the ramping up and down, whifiiects
Expansion (ULE) glass spacer, which defines the distance bereatly the performances of the cavity in terms of sensitiv-
tween the two mirrors. The mirrors fixing is shown in the in- ity to temperature fluctuations. With our observations, &imo
set of Fig[5. A first ring (in stainless steel) is glued on the reasonable assumption is that it stems from the frictiottseat
glass using Torr Seal epoxy . Another ring, screwed on thdnterface between the cavity and the teflon posts. Hysteresi
first, allows to gently push the mirror, through an helicoflex Makes every fort to reach a region of lower CTE useless.
metallic joint, and put it in contact with the ULE rod. The This induces a maximal CTE of = 4,4.10 'K~* at ambient
ULE spacer (300 mm length, 100 mm diameter) has an ax{€mperature, which is at least 10 times worse than expected
ial aperture of 20 mm diameter for the laser beam propagafrom such an ULE[27]. This relatively high CTE could be ex-
tion. It is also pierced in its center by a 20 mm hole for the plained by the thermal expansion of the mirrors fixing system
pumping. The Fabry-Perot cavity is located inside an Ultra-Despite this hysteresis phenomenon, the very good perfor-
High vacuum chamber pumped with a 18 fon pump (P< mance of the temperature control allows us to reach the long
108 mBar and rests on 4 teflon posts (2 mm diameter). Int€rm stability that is required. It must be noted that uskmg t
order to achieve the required temperature stability, hgati {@mperature sensor on the external surface of the vesded as t
coils are located around the external surface of the vacuurféedback branch for our frequency stabilization system did
vessel containing the ULE rod. The heating coils are homd?ot provide a good enough screening of outside temperature
made with a copper wire winded up around cardboard paperguctuations. Doing so, the frequency fluctuations has been
(pitch of 5 mm), which are then wrapped up around the vac/neasured to be around 6 MHz over 5 hours while the room
uum chamber. This allows to have a uniform repartition of thetemperature variation has been as large as 1K. We therefore
heating foils at the vacuum vessel surface. A partiallylstap concluded that for our setup, it was crucial to put the feelba
temperature environment is provided to the vacuum vesse}ensor directly on the ULE rod surface.

by uniformly covering it with aluminium foils and by hous- We point out here that our cavity setup is remarkably sim-
ing it in a thermal insulation box. The addition of the box Ple. Ituses standard electronics and optics (excepteditie U
reduces temperature fluctuations of the ULE rod by a facf0d, whose design is also simple). The cavity finesse israthe
tor 3. The temperature fluctuations and drifts are measuretPW the fixation of the mirrors is basic. The obtained perfor
by placing several sensors (thermistors mounted on a Wheaftances are far from the ones of very carefully designed high
stone bridge) on the surface of the vacuum vessel and insidénesse ultrastable cavities developed in advanced lals [28
it on the ULE rod. One of these sensors, which is stuck onNevertheless our scheme for frequency stabilization fifi-su
the surface of the ULE rod, is giving the feedback signal forcient for most of the cold atoms experiments.

our Proportional-Integrator (PI) controller which actsoup

the current sent through the heating coils. The thermal timeReferences

constant of the ULE rod relative to the heating coils was mea-

sured to 8 hours, the coupling being mostly due to radiations 1. |httpj/www.uibk.ac.gexphygultracolgatomtraps.html.
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