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Approaching Bose-Einstein condensation of metastable neon: Over 1@apped atoms
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We present an experimental study of the loading of a magneto-opticalNt@3) from a brightened and
slowed beam of metastable neon atoms. The unprecedented high numbetd @?Ne and 3x10° *Ne
metastable atoms are trapped under unconventional trap conditions as compared to metastable helium traps,
such as low intensity and small detuning. These cause the MOT to have an extraordinarily large volume on the
order of 1 cni and a typical peak density of ¥atoms/cm. A simple Doppler model is discussed which
explains why the optimum is found under these conditions. The model includes the seventh beam necessary for
the last slowing step before loading.
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[. INTRODUCTION comparable intensities and detunings. In essence, this intro-
duces an additional laser beam to the MOT which cannot be
The successful Bose-Einstein condensati®EC) of  neglected in the description of its dynamics, i.e., a seven-
alkali-metal atom$1] has stimulated several groufs-5] to beam MOT is created. This seems awkward at first but nev-
extend the range to metastable rare gas atoms, with heliugitheless allows for a MOT containing<al0° atoms, to our
and neon being the prime Candidaﬁ@s?]_ These metastable knowledge the Iargest MOT of metastable atoms reported SO
atoms are distinguished from the alkalis metals by their largéar. This is more than a two orders of magnitude increase
internal energy of 16.7 eV and 20 eV for Ne and He, respecsince the early work on a neon MOT by Shimigtal. [13].
tively. This makes them particularly interesting new candi- Comparing our results to those obtained with helium we
dates for BEC. The internal energy can be used for efficienind a completely different set of operating parameters.
detection schemes providing real-time diagnostics of th&Vhereas in helium MOT$4,14-17 generally very large
phase transitiof7]. The ability to count individual atoms intensities and detunings are used, we trap our maximum
opens a route for studying finite size effects in BEBJand number of atoms at very low intensity and relatively small
quantum optics experiments involving the quantum statisticgletunings.
of a BEC. The internal energy also presents a challenge be- This paper is organized as follows. We start in Sec. Il with
cause Penning ionization leads to high inelastic collisionaf description of our setup. In Sec. Ill a model focusing on the
loss rates at relatively low densities as compared to alkalinumber of atoms in our MOT is developed taking into ac-
metal atoms. However, very recently BEC of metastable hecount the Zeeman slower laser beam. Section IV contains an
lium atoms has been observed by Roberal. and by Dos — overview of the diagnostics that are applied to characterize
Santoset al. [9,10], which shows that this difficulty can be
overcome in a spin polarized gas, as predicted by thggry MOT beams
In our group we aim at reaching BEC with metastable ‘
neon atoms. The first step is to trap large samples of meta-
stable neon atoms in a magneto-optical t(dOT) [11],
which can then be transferred to a magnetic trap and cooled
evaporatively[1]. Evaporative cooling is greatly facilitated
when the initial number of atoms is high, e.g.!4atoms. In —
this paper we show how such large amounts of metastable
neon atoms can be trapped in a MOT.
In contrast to the case of alkali-metal atoms, a vapor cell MOT coils
MOT is not possible with rare gas atoms because the latter
have to be electronically excited to the metastable state to
make them susceptible to laser cooling. Our MOT is loaded
with a brightened and slowed atom beaf®?]. The axial
velocity of 100 m/s of the atoms is too large for efficient Lenses /

capture by a MOT. Therefore we apply an extra Zeeman T i

Slower beam

CCD camera

Beamsplitter

> Apertures

Photo diode

slower to reduce the velocity to about 10 to 20 m/s. The
geometry is depicted in Fig. 1. The laser beam used for slow- '

ing intersects the MOT. Due to the relatively small initial ‘
velocity of the atoms the slower is operated at low intensity

and small detuning. Hence, the scattering force from this FIG. 1. Overview of the MOT and Zeeman slower including the
light on atoms in the MOT is not negligible, especially be- detection setup. The probe laser beam used for absorption imaging
cause optimal operation of the MOT also turns out to be apropagates along theaxis and is not shown in this figure.
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Beam flux B. MOT

Detector Slower-coil ) Slower-coil
MOTsails We use three laser beams that are retroreflected to make

N Beliows I[L Val|vc NP2 the three pairs ofr* -0~ polarized laser beams of the MOT
oms

> |\|!|r-+>?<} -------- — D‘Fq:m ............ Slow&beam [11]. The radial trapping beams are at 45° with respect to the
| xgl})%vx% v vertical (see Figs. 1 and)2The trapping beams are obtained

Val . . . .
e e O\v/@ by putting an 18 mm diameter aperture into a 16 mm waist
resistance Radiil trapping (1/e?) laser beam. In this way the intensity at the edge of the
, _ eams trapping beams is still 50% of the peak intensity. This en-
Beam Diff.-pumpin; Trapping s ;
machine Il chamber %[ chamber sures efficient capturing of atoms and allows for large MOT
y cloud diameters. The three trapping laser beams have equal
T_,x e 2 w0 " mo b o &6 intensity. The total six-beam intensity will be denotediky.

We also introduce the total six-beam on-resonance saturation
FIG. 2. Schematic side view of the trapping chamber. parameter sy=1y/ls. The MOT is operated on the
Ne(3s) 3P, Ne(3p) °D; cycling transition at 640.2 nm,
the MOT. In Sec. V we present supporting data for the mairfor which the natural linewidth’ =27 8.2X 10° rad/s and
features of our seven-beam MOT model. Section VI adds,=4.08 mWi/cn? for circularly polarized light. The detun-
dresses the maximization of the number of trapped atoms. limg from resonance will be denoted d&s,. The trapping
Sec. VIl the trap loading and loss dynamics are investigatedight can be switched on and off within 2 ms with a mechani-
yielding Penning ionization rate constants resulting in a re<al shutter.
finement of the model. In Sec. VIII we discuss the prospects The MOT quadrupole field is produced by anti-Helmholz
of achieving BEC in our setup. We end in Sec. IX with coils made of 4 mm diameter hollow copper tubing. Each
concluding remarks. coil consists of 24 turns: three layers of eight turns each. The
magnetic field gradient of the coil configuration was mea-
sured to beG=V,B=2V,B=0.33 Gcm 'A%

Il. EXPERIMENTAL SETUP Three sets of Helmholz coils are used for compensating
the Earth’'s magnetic field. These coils can also be used to
counteract the displacement of the MOT caused by the addi-

Our MOT is loaded from a bright and cold beam of meta-tional Zeeman slower laser beam.
stable neon atom$12]. Starting with a liquid-nitrogen-
cooled supersonic discharge source, this beam is prepared by C. Zeeman slower
applying laser cooling techniques such as Zeeman slowing,
Doppler cooling and collimation, and magneto-optical com-

pression. The atom beam has a diameter of about 1 mm a ptured by the MOT. Therefore we included an additional

. 0 . -
thesatom flux is about 3 10.1 atoms/s. This Is a pure beam 70141 siower that reduces the velocity to below 30 m/s. A
of °P, atoms. A combination of a beam stop close to the -~

A. Trapping chamber

The atoms entering the trapping chamber have an average
velocity of 100 m/s which is still too large to be efficiently

etic field gradient along the atom beam axis. The magnetic
ields of the two coils add up in such a way that the field on
the upstream side of the trap is eight times larger than on the

. . R . MHownstream side, with a field zero at the trap center. The
pressure is 10° mbar. With BEC in mind we have inserted gradient on the left is about 3 G/cm. We operate at a laser

an additional differential pumping staggee Fig. 2to obtain Gl — . _
sufficiently low pressures in the trapping chamber. Ideally'menSItyIZ 0.8 mw/cnt and detuning ;= - 6.7

the pressure drops from 18 mbar in the vacuum system of
the beam machine via~10"° mbar in the differential
pumping chamber te-10™ 1% mbar in the trapping chamber. Two dye lasers are used to run the complete setup. One is
The ion-getter pump currents of both chambers indicate ased for the neon beam preparation, which also supplies the
pressure below 10 mbar. Both the trapping chamber and extra Zeeman slower beam and the absorption imaging probe
differential pumping stage are pumped by 20 I/s ion gettebeam. The second laser is completely dedicated to operation
pumps and are equipped with titanium sublimation pumps. of the MOT.

The atom flux is measured in front of the first pumping The dye lasers are frequency stabilized to the
resistance with an indium tin oxide covered glass plate that3s) 3P, (3p) °D5 transition at 640.2 nm using saturated
can be moved in and out of the beam. From the transversabsorption spectroscopy. The linewidth of the lasers is below
velocity spread of the atom beam and diameter of the secontiMHz as determined from measuring the beat node between
pumping resistance we estimate that about 80% to 90% dhem. Detuning from the atomic resonance is achieved by
the atom flux from the beam preparation stage will reach theZeeman shifting the saturated absorption line by applying an
trap center. external magnetic field to the gas discharge cell.

metastable state nor other isotope atoms reaching the tra
ping chamber. The axial velocity of the atoms is 100 m/s ami;i
the transverse velocity spread is Doppler limited.

At the exit of this beam preparation stage the vacuu

D. Laser setup
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Ill. MODEL FOR A SEVEN-BEAM MAGNETO-OPTICAL
TRAP

can neglect theN/7 term in Eq. (2) with respect to the
BN?/V term. The steady-state number of atoms then be-
A. Trap population comes

For any atom trap the steady-state number of atoms that Ng= (R Vq/B) Y2 (7)
can be trapped is a balance between the loading rate and all
possible loss processes. In the case of losses due to badkom Eg.(7) the importance of the volume of the trap in
ground gas collisions and two-body intratrap collisions thisdetermining the number of trapped atoms is immediately
balance is governed by the differential equation clear. A large volume trap keeps the density and conse-
quently the two-body collision rate low such that a steady
dN(t) R N(t) state is reached with a larger number of atoms in the trap.

dt

—,BJ n?(r,t)d%r )

T
B. Doppler model
for the number of atom$(t) in the trap. HereR is the

loading rate,r the time constant for density independent In the following we develop a simple two-level atom

. . s model for the dependence of the volume of trapped atoms on
losses, B the loss coefficient for intratrap collisions, and . X ;
the trap parameters. The size of the atom cloud is determined

n(r,t) the density distribution. . : S .
o . by the equipartion of kinetic and potential energy of the at-
Generally, the density in metastable atom MOTSs is lOWotms, resulting in a volume given by

enough to assume that the spatial distribution is independen
of the number of trapped atoms, i.a(r,t)=n(r)f(t). Our (8)
measurements show that the density distribution is Gaussian

and does not depend on the number of atoms in the tragyhereT is the temperature of the atoms, argand «, are
Hence, by introducing the effective volumeVes  the radial and axial spring constants of the trap, respectively.
=87¥0,0,0, [17], with o; the rms widths of the distribu- Note thatV,;=22V. We assume that the temperature is
tions in thex,y,z directions, Eq(1) becomes given by the Doppler cooling limit at a given detunifitg].

As the data in Sec. V A show, this is a valid assumption for
our MOT. The spring constant is taken to be the derivative of
the photon scattering force of a two-level at¢ga8]. One

then arrives at
The steady-state number of atoms in the trap calculated from

V=(2mkeT) ¥ k2k,) "2,

2
aN_ N0V

dt Ver @

T

Eq.(2) s 1| (1+syl6+45'2)2]*
V=Vl | 28"+ —|— 9
Ver 4ARB2\ 12 258" 8 (sul6)(GIGq)
Ne= 1+ -1/ (3)

2BT Ve with
Solving Eq.(2) for N(0)=0 one finds the time dependence 2320 AT 132
of the number of atoms during loading of the MOT: Vo=—%= —} , (10

32 |k ugGo

1—exp(—t/7g)

N, whereGy,=10 G/cm in the strong directiolk, is the wave
1+ (N2BIV R exp( —t/ 7g)

number of the laser light, an& =A,/I". We have assumed
equal intensities in all MOT laser beams. The valuevgf
=2.5x10"9 cn?.

Combining Eq.(7) with Eq. (9) shows that the detuning
dependence/= 5% for §'>1 will strongly determine how
many atoms can be loaded into the MOT at a gidgp. The
ratio R/B is expected not to depend so strongly &g be-
causeR and g are likely to scale in the same direction, mak-
ing the ratio weakly dependent on the specific values,pf
and A\, (see Sec. VI According to this simple model the
number of atoms in the MOT is increased for large detunings
and small intensities.

N(t)= (4)

with

T

(1+4BRANV Y2

©)

7o

After switching off the atom beam from which the trap is
loaded the number of atoms decreases according to

Ngexp(—t/7)

NO= 17 (BN Ve[ 1—exp—t/7)]

(6)

For the values oB and the density obtained in our trap of
5x10 1% cm®/s and 16° atoms/cm, respectively, the life-
time determined by the intratrap collisions is AK)

C. Trapping potential: Geometric trap loss

The model states that the number of atoms is fully deter-
mined by the volume of the atom cloud. However, the in-

=0.2 s. This is much shorter than the lifetime resulting fromcrease of the volume cannot continue forever: for a certain
background gas collisions, which is on the order of 3 s. Thigletuning the edge of the atom cloud will shift outside the
means that in order to simplify the analysis of our MOT wetrapping laser beams. The volume, and therefore the number
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FIG. 3. The full confining potential of the MO{®) and close-up 3 )
(b) of the deepest point of the potential for three different detunings _AM (T)
of the trapping light. The minimum of the potentials is fixed to 0 K.

Trapping conditions ar&=10 G/cm andsy=0.6. FIG. 5. Calculated number of trapped atofsslid curve$ as a

function of the detuning of the trapping beams f8r=10 G/cm
of trapped atoms, will then no longer increase. In additionand different MOT light intensities. From left to righsy,
the Zeeman slower beam overlaps with the MOT and conse=0.3,0.5,1.0,2.0, and 4.0. The critical detunifg is indicated by
guently pushes the atom cloud out of the center of the trapvertical dashed lines.
ping beams. This causes the edge of the cloud to shift outsit@h
the laser beams at even smaller cloud diameters, which lea m, which is larger than the radius of the MOT laser beams.

to an extra reduction of the volume. .For smallsy, the minimum in the potential shifts away from

The dependence of the cloud diameter on detuning i$he t : ter faster than for | ie th :
given by the Doppler model. The shift of the cloud can beFiS_ ;,ag?éngtgggeirfcisser;adch oriarge. 1.e., the curves in

calculated by adding the radiation force of the slower beam |, 5rder to know what the limiting volume of the cloud
to that of the MOT laser beams, where we restrict ourselvegij| pe we need to add the radius of the cloud to the shift.

to the forces directed along theaxis. The integral of the  Tpjs results in a critical detuning where the edge of the
total force is then an effective trapping potential. A filted cjoyq starts to shift outside the laser beams. This is illus-
trapping pptential .is the result as illustrated in Fig. 3, whergyaied in Fig. 4b). For Ay,>A the cloud diameter starts to
the potential for different detunings of the MOT beams andgpink again because the cloud radius is determined by the
fixed intensity is shown. The intensity and detuning of thegistance between the potential minimum and the edge of the
slower light are fixed at our experimental operating valuesy 0T |aser beams. The MOT becomes leaky at the edges and

The depth of the potential is of the order of 1 K, much moreqye tg the strongly reduced volume the number of atoms also
than the expected cloud temperature of 1 mK. If we assumgecreases strongly. We call thggometric loss

that the atom cloud is centered at the position of the potential \ye can now estimate how many atoms can be loaded into

minimum it is clear that it will shift whem, is changed. oy MOT. We insert the effective volume calculated from Eq.
The cloud shifts because the MOT radiation forces becomgg) into Eq. (7) and assum&=2.4x 10 s! (100% cap-

weaker whenA,, is increased whereas the radiation forceturing efficiency and the theoretical value 3=8
from the slower light is fixed because its intensity and detun~, 1= nd/s [19]. For the time being we assurfeand 3
ing are fixed. We can calculate the shift of the deepest poin, pe independent af,,, 1,,, andG. This is not fully cor-
X of the potential for different trapping conditions. Figure rect as will be discussed later, but allowed because we ex-
4(a) shows this shift for a number of MOT light intensities. pect the detuning dependence of the volume to dominate

completely. Figure 5 shows the result for a number of trap-

e displacement is seen to easily become as large as 10

10 sy=0;102051 2 4 10 ping conditions. The number of trapped atoms strongly in-
@ LT ]T] B "] creases with increased detuning as expected. We assume that
8_U | 8 -~ i the maximum number of atoms,,,, will be reached at\,
_ Xg+Oy =Ac. Figure 5 shows that about>610° atoms can be
g 6 T E 6 \ 7 loaded for a large range of MOT parameters.
F 4 174 -
\ IV. DIAGNOSTICS
2 1 ?r Yo Ac Our setup is equipped with a number of diagnostic tools
0 0 | | / to measure number, size, and temperature of the atom cloud
0 2 4 6 8 10 0 2 4 6

in the MOT. This section gives an overview of the techniques

-Au(D) Am(D) used to obtain the data presented in this paper.

FIG. 4. (a) Shift x, of the trap center as a function afy, for
different values oy, andG=10 G/cm. In(b) the shift of the edge
of the atom cloudx,+ oy is shown as a function oA,, for sy The fluorescence from the cloud of atoms held by the
=0.5. MOT is used to determine the total number and size of the

A. Fluorescence
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cloud. The geometry of the detection system is shown in Figimaging beam is directed along th@xis and imaged onto a
1. The use of a beam splitter enables a simultaneous me&CD camera. The intensity of the probe beam is 8.03;
surement of the total fluorescence and the imaging of thend the exposure time 3@s, small enough not to influence

cloud onto a charge-coupled devi@@CD) camera. the trap population. The detuning is adjusted such that the
Townsenckt al.[20] found empirically that the total emit- optical density is about unity.

ted fluorescence power of a cloudfcesium atoms held in Using the absorption images we can also measure the size

their MOT is given by of the atom cloud in the direction and have a consistency

check of the cloud size in thg direction. Integrating the
two-dimensional optical density profile over the complete
image gives us a consistency check on the total number of
atoms as compared to the total measured fluorescence. We
find that the absorption images give a total atom number that
is about 20% to 50% higher than obtained from the fluores-

r

Phuor=N7iw 2

Csy

—, 11
1+Csy+46'? )

where the coefficien€=0.7 takes into account that the at-
oms are multilevel atoms moving in the spatially changing
cence measurement.

light polarization of the six MOT laser beams. For the he- The absorntion imading techniaue is also used to measure

lium MOT discussed i 17], the value ofC turned out to be the tem eratLFJ)re of thegatc?ms in tr?e MOT. After switching off

slightly smaller than the averaged Clebsch-Gordan Coefﬁfhe MO‘FI)' light and maanetic fields. the étom cloud ex %nds

cients. The average of the squares of the Clebsch-Gordan listicall 9 Th di glj locit d1' ributi £ th ‘z

coefficients of the neon cooling transition is 0.46. We adop atistically. 'he radia’ velocily distribution ot the atom
_ . . cloud is inferred from the radial expansion rate.

the valueC=0.7 for calculating the number of atoms in our

trap. In this way we are more likely to underestimate the

number of atoms than vice versa.

During the measurement of the number of atoms in the Working with metastable atoms gives us an extra mea-
MOT the slower beam is also present, which results in addisurement tool. As indicated in Fig. 1 we have installed a
tional fluorescence from the atoms. We correct our numberghanneltron 40 mmabovethe center of the MOT, which
for this effect, again using Eq11). Furthermore, due to the allows us to detect UV photons, metastable atoms, and ions
large cloud diameters in our MOT the magnetic field gradientriginating from the trap. In front of the entrance of the
causes the atoms at the edge of the cloud to Zeeman-shighanneltron(type Galileo 4039 a grid is placed which can
closer to resonance. This effect on the fluorescence amounit® put on a positive voltage to measure only metastable at-
to about 20% for the largest clouds and is also corrected fosms and UV photons, or on a negative voltage to also detect
in the presented data. When the uncertainty in the phenomens. We use the metastable atom signal to measure the tem-
enological parameteC is neglected, the relative uncertainty perature. This is done by measuring the time-of-flight distri-
in the number of trapped atoms is about 10%. The largedbution of the detector current after the MOT light is switched
contribution to this uncertainty is produced by the 1 MHz, off and the cloud expands ballistically. Assuming that the
i.e., 0.13, uncertainty in the frequency of both trapping andvelocity distribution of the trapped atoms satisfies a
slower lasers. Maxwell-Boltzmann distribution, the channeltron sighét)

The volume of the atom cloud can be measured by anas given by
lyzing fluorescence images taken with a CCD camera, posi-

C. Metastable atom time of flight

tioned below the trapping chambéFig. 1). By fitting the (vyo—gt) v)z,,o
intensity profile of the CCD frames with Gaussians the rms I(t)o t—3€X - F . (12
width in the x and z directions can be determined. The im- Ty

ages are well described by Gaussians. In order to calculaﬁ
Vi from the measured sizes we assume that the width in th
y direction is equal to that in thedirection. This assumption
is based on the radial symmetry of the MOT magnetic quad- 1
rupole field. The relative uncertainty in the measured volume Yat Egt2
is approximately 12%, and is determined by the uncertainty Do o= (13)
in the Gaussian fits and the uncertainty in the conversion ¥0 t ’

from pixels to real sizes.

ere,vy o is the initial velocity of the atoms hitting the de-
fector at timet,

with y4=40 mm the distance from the channeltron to the

trapping center, angd the acceleration caused by gravity. The

temperature is calculated from the vertical rms velocity
In addition to the fluorescence imaging we apply absorpspreadgy,

tion imaging to measure the size, number, and temperature of

the atom cloud in the MOT. We image the atoms while the

MOT is running in a steady state. The laser beam used for

this is spatially filtered by a single-mode optical fiber. The The Doppler model described in Sec. Il predicts two

laser beam has a Gaussian waist of 40 mm which is apetypical behaviors. As a function of the laser detuning the

tured down to a diameter of 20 mm in order to avoid reflec-volume of the cloud of atoms increases strongly and its cen-

tion and scattering at the edges of the vacuum windows. Thiger shifts along the axis of the Zeeman slower beam. Both

B. Absorption imaging

V. MODEL VERSUS EXPERIMENT
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FIG. 6. In situ CCD images of clouds of atoms trapped in the
A1)

MOT for different values ofA,,, andsy,=0.4 andG=23 G/cm.

FIG. 8. Temperature of the MOT atoms as a function of detun-
effects are demonstrated in Fig. 6, which shows fluorescendgg, obtained from metastable atom TO®Y at s,,=0.8 and ab-
images of the cloudn situ, i.e., taken while the MOT is sorption imaging Q) for sy=1.1 andG=7.6 G/cm.
switched on. From the image taken-a#.5" it is clear that
the effective volume of our MOT clouds can be as huge a$eating influence of the slower laser beam.

1 cn?. This is three orders of magnitude larger than a typi- As a consistency check we applied absorption imaging to
cal alkali-metal MOT. In the following we will look into a MOT at relatively high intensitysy=1.1, and Ay =
some MOT properties in more detail and present data that2.71" andG=7.6 G/cm. For these parameters the cloud is
support the Doppler model. relatively dense and can still be imaged well after 7 ms of
expansion. The detuning of the probe beam was taken as
Aprone= —I'/2. From the rate of expansion in the horizontal
and vertical directions we find a temperature Tgf=0.78

One of the assumptions in our model is that the tempera+0.15 mK andT,=0.85+0.13 mK, respectively. This is

ture of the atoms is close to the Doppler limit. To check thisslightly higher than the expected Doppler temperature at this
assumption and to characterize our MOT we measured theapping condition, which is 0.55 mK. The result is in agree-

A. Temperature

temperature for a number of MOT conditions. ment with the temperature determined from the metastable
A systematic measurement of the temperature was doreOF signals.
with the metastable atom time-of-flighit OF) technique de- We conclude that the temperature of the atom cloud is

scribed earlier. Two of the measured time traces are shown iglose to the Doppler temperature and scales accordingly with
Fig. 7, for different MOT parameters. From the TOF signalsdetuning. This validates our assumption in deriving the vol-
shown in Fig. 7 it is clear that the temperature of the cloudume of the cloud in terms of a Doppler mod&ec. ll)).
increases for larger laser detunings as expected from the

Doppler cooling mode[18]. Curve fits of the expected sig- B. Volume as a function of detuning

nal shape are also shown in Fig. 7 by the dashed curves. ) o
From these the temperature of the atom cloud was deter- 'N€ Strong detuning dependence of the volume is illus-
mined for different laser detunings. The results are shown iffated by the data shown in Fig(e. Data are shown taken
Fig. 8. The temperature of the cloud is close to the Dopplefor different values oy at a fixed valueG=23 G/em. On
temperature, which is indicated by the solid curve. Around’@ying Ay from —2I" to —5I', the volume typically in-
the critical detuning, the temperature starts to increase, prols€ases by a factor of 20 to 50, dependingspn At higher

ably due to the geometric loss process or through a |argé'ptensities the volume does not increase as_stro_ngly. Note
that V can become as large as 0.5 mesulting in Vg

0.6 60

N G
g 08 N
g o 04 1% “or .
5 04 = S ] i
Z 0. > =
% 0.2 1 & 20 I B
E
o | E{ i
i 1 1hE
0.0 0.0 3 00 5 I ¢ 3
-Ap(T) A

t (ms)
FIG. 9. Volume(a) and density(b) of the cloud of atoms in the

FIG. 7. Metastable atom TOF signals for a MOT operated withMOT as a function of the MOT laser detuning for differeg
laser beam intensitg,,= 0.8 for two detunings. The curves are fits values ands=23 G/cm. The critical detuning is indicated for the
to the data of the model described in the text. Sy =0.4 trapping conditior{dotted ling.
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FIG. 10. Radialx, (@) and axialzy (O) displacement of the Zz
measured trap center as a function &f; for sy=0.4 andG 2+ -
=23 G/cm. The solid curves show the shifts predicted by the Dop-
pler model(Sec. Il C. 0
0 8
=1.4 cnt. Itis at these large volumes that the largest num- Ay(T)
ber of atoms is trapped. At the critical detuning the number
of trapped atoms wald,,,=6x10° for the sy, =0.4 data set. FIG. 11. (8 Number of trapped atons as a function oA, for

From the volume of the cloud and the number of atoms indifferents,, and fixedG=10 G/cm.(b) Measured\ as a function
the cloud we can estimate the central densjy N/V. With su (@), determined from the data i@). The solid curve inb) is
V increasing rapidly as a function dfy, the density remains derived from the Doppler model discussed in the text.
low. This is illustrated by the data in Fig(l9, where the
central densityn, is plotted as a function oAy, . At the  mm in the radialx) direction, while in the axial directiofr)
detuning where the largest samples are trapped, i.e., at thlke cloud stays more or less fixed as expected. The solid
critical Ac, the density is about>t 10'° atoms/cm. curve in the figure indicates the radial shift calculated with
Comparing the data with Eq9) we find that the mea- the model of Sec. Il C. We see that the displacement is
sured volumes are much larger than the model predictdescribed rather well by the Doppler model.
However, by usingV/, as a single fif{scaling parameter we

obtain the solid curves shown in Fig&. Clearly, the model VI. MAXIMIZING TRAP POPULATION
predicts the correct dependence of the volume on detuning. o )
Moreover, data sets taken for different intensitieg € 0.4 To optimize the number of atoms in our MOT we mea-

to 2.0) and magnetic field gradients (10 to 23 Gycall sured the steady-state population for a large range of MOT
result in the same value o\f/gtz(l_li 0.2)x10°8 cnt. parameters. Throughout this section the atom number is de-

Here the uncertainty refers to the spread of the fits termined from the total fluorescence as described in Sec.

The discrepancy betweevi, and Vgt can be explained IVA.

party from the fact that the model is based on the Doppler, EUte 8 SO I NCN L TTRRCE BT
force for a simple two-level atom. In reality the force be- g

i:ties and a fixed magnetic field gradient. For each intensity

comes smaller because the Clebsch-Gordan coefficients e number of trapped atoms increases until the critical de-
the different sublevels have to be included. If we take care of '¢. Y PP . ! unti 1
uning Ac, beyond which the number of atoms suddenly

this by substituting 0.4 for sy we find Vo=08 decreases. For the measured critical detuning we take the

X107 cn, close to the fitted value. We checked that thedetunin at which the measured amount of trapped atoms is
volume is independent of the number of atoms in the trap, . gat A pped atol
aximum, i.e.,N.«. We see that this critical detuning in-

This was found by decreasing the loading rate and measurin ; T " X
y 9 g eases for increasing intensities and simultaneobly,

the volume again. . o L
9 ]decreases. The corresponding measured critical detuning is

We find that the detuning dependence of the volume o A
the cloud of atoms in our MOT is described qualitatively compared to the D_oppler model n Fig. (bl We observe
ood agreement with the geometric loss model.

very well and quantitatively quite reasonably by the Doppler For higher laser beam intensities the drop in the amount

model described in Sec. Ill. " O
of atoms beyond the critical detuning is more gradual, as can

be seen in Fig. 1&). This is also in agreement with the
model as can be inferred from Fig(@} The curves predict-

From fluorescence images like that shown in Fig. 6 theng the shift of the center of the cloud are less steep for
displacement of the atom cloud can be inferred. Figure 1(igher laser intensities. We find that the number of atoms in
shows the coordinates of the cloud centey,g;) as a func- the MOT is maximized for low intensitysy,=0.25 andA,
tion of Ay, for thesy,=0.4 data set of Fig.(@). We see that, ~—3I" for G=10 G/cm.
going from A= —2I" to —5I", the cloud center moves 6 To find the optimum magnetic field gradient we keep the

C. MOT displacement
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FIG. 13. Experimental loading and decay curve of the trap. At
2 = t=0 the loading of the trap is started, i.e., the atomic beam is
switched on; at=2.1 s the loading is stopped. Trapping conditions
L L areAy=—-4.4", sy,=0.4, andG=23 G/cm.
%2 4 6 3 M i
Ay (T)

the trap as a function of time, during loading as well as after
FIG. 12.(a) Number of atoms\ in the MOT as a function of the ~the loading is stopped. Figure 13 shows an example of such
laser detuning\,,, for different magnetic field gradient for sy, a measurement. The number of atoms increases as the load-
=0.4. In (b) measured @) and calculatedsolid curve critcal  INg is started, reaches a steady state after about a second, and
detuning as a function of the magnetic field gradiént decreases again when the atom beam is switched off. The
Zeeman beam is kept on during the whole measurement, i.e.,

intensity fixed ats;;=0.4 and measure the number of atoms'Ve retain a seven-beam MOT configuration. _

again as a function of\,, for different values ofG. The Ve determineR, j, andr for a number of trapping con-
resulting data are shown in Fig. (8 We find that for in- ditions from time traces as shown in Fig. 13. This is done by
creasingG valuesN,,, increases and\c shifts to larger ~CUrve f|Ft|ng Eq.(4) and Eq_.(6) to the rising and falling edge
detunings. An optimum is reached Gt=20 G/cm, beyond of the time trace, respectively. In a self-consistent way both

which N, decreases again. We find a maximum number 0fsides are fitted at the same time with the same parameters.
20N6 atoms ofN... —9x10° for Sy=0.4, A,— —3.80, and e find an exponential lifetime af=3+1 s throughout the
max Ay .ol ,

G=20 G/cm. range of MOT parameters where we operated our MOT.
As can be inferred from Fig. 1B) the shift of A¢ is in
agreement with the model discussed in Sec. Il C. Larger A. Loading efficiency

gradients allow for largeA. This also means that despite

the inverse scaling o with G** traps with larger volumes 4,1t 9096 of the atom beam flux, consistent with the loss of
can be obtained at larger values®f The decrease dflnax  a10ms due to the pumping resistance. This means that the full
for large G values may be caused by a deterioration of the g4 of the atoms reaching the center of the trapping cham-
Doppler cooling and trapping forces due to strong magnetiger can be captured for the optimum loading parameters. The
fields, especially at the edges of the cldad,23. . precise value of the loading rate is seen to be rather sensitive
A point of concern is the fact that the model described ing, the alignment of the MOT laser beams and slower beam,
Sec. Il predicts thatNpg, hardly depends on intensity, \hich causes day to day variations. This makes it hard to
whereas our data show a strong dependesee Fig. 11 give a detailed quantitative picture. However, qualitatively
This difference can be explained by the fact that the assumRsome general trends are clearly visible in the data. At a fixed
tion of constanR and 3 being is too strong a simplification  getyning the loading rate increases nearly linearly with in-
of rgahty. As we will shqw in the next section, both depend creasing intensity and tends to level off fg5>1. When the
on intensity and detuning in a way that to a large exteniniensity is kept constant the loading rate decreases with in-
explains the discrepancy. creasing detuning, for the range of detunings used through-
out this paper.

We find that at the optimum conditions the loading rate is

VII. TRAP DYNAMICS

The steady-state number of trapped atoms as optimized in B. Trap lifetime

the previous section is not the only parameter that character- As mentioned in Sec. Il A the lifetime of the trap is
izes the trap. The loading efficiency and lifetime are alsodominated by two-body intratrap collisions, i.e., Penning
important. The two-body loss raté due to ionizing colli- ionization. In that section we characterized this loss with the
sions is of particular interest to explain the intensity depen<oefficient3. For simplicity of the model we assumgtito
dence ofN,,,c and for future work toward BEC. These quan- be independent off, andA, . However, although most at-
tities can be inferred by measuring the number of atoms iroms in the trap are in the “ground(g) state 3P, a small
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3 : : : the intensity is decreased. This is illustrated in Fig. 14 where
we show the curve of Eq14) fitted to thell.>0.02 data
points. The deviation at low intensities may be explained by
the fact that the MOT cloud changes its shape. Because of
this we may underestimate the volume of the cloud which is
calculated fromo, and o, only, obtained from the fluores-
cence images. Nevertheless, the high intensity data do not
suffer from this effect. The fit of Eq.14) to the data in Fig.
14 givesKye=(3.5£1.0)x10°® cm®/s. We plan to investi-
gate light assisted collisions in our MOT in more detail in the
. y y future.
000 0oL 002 - 003 We now come back to the fact that the measugg
excited state fraction values shown in Fig. 11 decrease by a factor of 3 with in-
FIG. 14. Measureq3 (@) as a function of the excited state creasing intensity, whereas according to the madgl, is
fraction. The solid line is a linear fit to the data fi,>0.02. nearly independent of intensity. The scatter in the loading
rate data does not allow for a quantitative explanation of this
fraction is excited to the “excitedte) state>D5 due to op-  discrepancy. The data f@ show much less scatter. To esti-
tical pumping induced by the trapping light and Zeemanmate what the influence @ is onN,,.«, we assume that Eq.
slower light. This results in three possible types of collision(14) gives a reasonable description of the intensity and de-
between two atoms in the MOT: g-g, g-e, and e-e. Furthertuning dependence g8 when we take Eq(15) to calculate
more, the cross sections for ionization of the three types ofhe excited state fraction. The values &, and Ky are
collision differ. Hence g is a function of the populationd,  determined from the data in Fig. 14. We calculated the num-
and Il of the “ground” and “excited” states, respectively. ber of atoms in the MOT again for constaRtbut now in-

o
1

—_
1
HH
—o—i

B (1049 cm’/s )

The simplest model to describe this can be written as serting the detuning and intensity depend@nihe result is
) ) that N, decreases by a factor of 1.8 when the intensity is
B=MgKgg+ 2IITLget TTeKee, (14 increased fromsy=0.4 tosy=4.0. So part of the decrease

of Nhax Can be explained by the intensity and detuning de-
pendence of3. The remaining decrease Mf,,, found in the
data must then be attributed to intensity and detuning depen-
dencies ofR.

with Kj; the rate coefficients for-j collisions. Experiments
with metastable helium atonj$5-17,23 show thatCy, can
be two orders of magnitude larger th&igy and thatlCe, can
be neglecte23]. Mastwijk et al.[14], however, report &y,
which is only a factor of 20 larger theliyy, for metastable
helium. To our knowledge, no experimental results haveV!ll. PROSPECTS FOR BOSE-EINSTEIN CONDENSATION
been reported for metastable neon atoms so far.

. . . . : A MOT containing close to 1 atoms is a good startin
A detailed study of the light assisted collisions in our neon g 9 g

. . ""'point on the road to BEC7]. Moreover, by locking the lasers
MOT is beyond the scope of this paper. Here we restnc_{)0 the resonance frequency of tRéNe isotope, we trapped

ourselves to describing the general trends in order to explaklg’>< 10° atoms of that isotope for the same MOT parameters
the scaling 0Ny with Iy . To this end we measureglas a This gives us the opportunity to switch to the less abundant

functio_n of the i_ntensity for a fixed de_tuning_ef31“. The isotope if the scattering length turns out to be too small or
result is shown in Fig. 14. For comparison with Ef4) we even negative.

have plotteds as a function of the excited state fraction In addition to the bosonic isotopes the fermionic isotope

2INe is also available in our setup. By scanning the fre-
(15 ~ Quency of the laser that is used for preparing the bright neon

beam we were also able to generat¢'hle beam with 7

X 10" atoms/s. Taking into account that a repumper was not
taking into account the slower beam as well. The data in Figused in this case a flux of over &Gatoms/s seems feasible
14 indeed show a strong dependenceBobn intensity. By  [12]. This holds the promise of making large MOTs of the
measuring the ion production raf,,= 8N?/Ves with the  fermionic isotope?'Ne also. A spin polarized sample of fer-
channeltron this increase @f could be confirmed. mions would have an even smaller Penning ionization rate

For the data set shown in Fig. 14 the smallest measuredue to Pauli blocking oBwave collisions.

value of 8 is (4=1)x10 1% cm¥/s. In general we find that ~ The large diameter of the cloud of atoms in the MOT has
the observed values ¢ never drop down to the zero inten- the advantage that the relative alignment of the MOT and
sity value of 8<10™ ! cm®/s predicted by theory19], for ~ magnetic trap centers during the transfer from one trap to the
detunings ranging from-2I" to —6I". Our lowest intensity  other is not very critical. The clover-leaf magnetic trap that
data for different detunings can be summarized by statingve have installed gives oscillation frequencies of 45 Hz in
that Kgq=(5=3)X 101 cmP/s. This large value could all three dimensions when the atoms are transferred. With
point to an underestimation of the density in our MOT. Thesuch a shallow trap misalignments of 1 mm are still accept-
data in Fig. 14 show another typical behavior. Below a giverable. A disadvantage is that the initial density in the magnetic
intensity 8 drops faster than expected from H44) when  trap will be low. In order to increase the elastic collision rate

B sul2 N s,12
1+sy+4(Ay/T)2  1+s,+4(A,IT)%

e
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to values where evaporative cooling starts to work the traand the picture of the seven-beam MOT discussed in Sec. lll
has to be compressed. We can do this by reducing the biaxplain the trap charateristics quite well.
field to about 1.5 G, which increases the radial oscillation to The optimum operating conditions differ strongly from
350 Hz. In a first attempt we successfully transferred 70% ofhose used in metastable helium experimesl4—17,
the atoms from the MOT to the magnetic trap. In between thevhere very high intensitieg(100-200) | ;] and large de-
MOT being switched off and the magnetic trap beingtunings[(20—30)"'] are used. Due to the very small natural
switched on we applied & -polarized laser beam along the linewidth ', /27=1.6 MHz of the laser cooling transition
z direction to spin polarize the atoms. The transfer efficiencyof helium, a different strategy can be chosen where essen-
was determined by switching the magnetic trap off after 30Gially a boxlike potential is created by using a very large
ms and recapturing the atoms in the MOT. detuning in conjunction with a large gradient and subse-
The temperature of the atoms in the MOT was found to bequently high intensity. Due to the much larger linewidth of
in the Doppler limited regime, i.e., temperatures around Ihe neon transition this strategy would require experimen-
mK. For the highest measured density, i.e., 4tally unrealistically high laser powers and gradients. Luckily
X 10'° atoms/cm, this corresponds to a phase space densitguch a strategy is not necessary for metastable neon as the
of nA3=10"". Before loading the atoms into a magnetic data presented here show. This holds the promise that our
trap we plan a short optical molasses phase to reduce tlatrategy may also work for the heavier rare gasses such as
temperature and increase the phase space density by an order Kr, and Xe.
of magnitude. The fact that the absorption imaging technique systemati-
The lifetime of the MOT due to background gas collisionscally gives higher total atom number than the fluorescence
is presently only 3 s. The reason for this short lifetime is atechniqgue may mean that we underestimate the number of
leaking vacuum window. This lifetime is too short to reach atoms in the MOT. Also, the rather large valueigf, points
BEC by means of evaporative cooling. Therefore a replacein the direction of underestimating the density. We therefore
ment chamber is currently being built. The new chamber willbelieve that the value ofy, presented here sets an upper
enable us to reach much better lifetimes, i.e., longer than thiémit.
24 s lifetime of the metastable state of the neon atoms.
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