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Approaching Bose-Einstein condensation of metastable neon: Over 109 trapped atoms

S. J. M. Kuppens, J. G. C. Tempelaars, V. P. Mogendorff, B. J. Claessens, H. C. W. Beijerinck, and E. J. D. Vrede
Eindhoven University of Technology, P. O. Box 513, 5600 MB Eindhoven, The Netherlands

~Received 27 June 2001; published 15 January 2002!

We present an experimental study of the loading of a magneto-optical trap~MOT! from a brightened and
slowed beam of metastable neon atoms. The unprecedented high numbers of 93109 20Ne and 33109 22Ne
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 cm3 and a typical peak density of 1010 atoms/cm3. 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.

DOI: 10.1103/PhysRevA.65.023410 PACS number~s!: 32.80.Pj, 34.50.Rk, 03.75.Fi
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I. INTRODUCTION

The successful Bose-Einstein condensation~BEC! of
alkali-metal atoms@1# has stimulated several groups@2–5# to
extend the range to metastable rare gas atoms, with he
and neon being the prime candidates@6,7#. These metastable
atoms are distinguished from the alkalis metals by their la
internal energy of 16.7 eV and 20 eV for Ne and He, resp
tively. This makes them particularly interesting new can
dates for BEC. The internal energy can be used for effic
detection schemes providing real-time diagnostics of
phase transition@7#. The ability to count individual atoms
opens a route for studying finite size effects in BEC@8# and
quantum optics experiments involving the quantum statis
of a BEC. The internal energy also presents a challenge
cause Penning ionization leads to high inelastic collisio
loss rates at relatively low densities as compared to alk
metal atoms. However, very recently BEC of metastable
lium atoms has been observed by Robertet al. and by Dos
Santoset al. @9,10#, which shows that this difficulty can b
overcome in a spin polarized gas, as predicted by theory@6#.

In our group we aim at reaching BEC with metastab
neon atoms. The first step is to trap large samples of m
stable neon atoms in a magneto-optical trap~MOT! @11#,
which can then be transferred to a magnetic trap and co
evaporatively@1#. Evaporative cooling is greatly facilitate
when the initial number of atoms is high, e.g., 1010 atoms. In
this paper we show how such large amounts of metast
neon atoms can be trapped in a MOT.

In contrast to the case of alkali-metal atoms, a vapor
MOT is not possible with rare gas atoms because the la
have to be electronically excited to the metastable stat
make them susceptible to laser cooling. Our MOT is load
with a brightened and slowed atom beam@12#. The axial
velocity of 100 m/s of the atoms is too large for efficie
capture by a MOT. Therefore we apply an extra Zeem
slower to reduce the velocity to about 10 to 20 m/s. T
geometry is depicted in Fig. 1. The laser beam used for sl
ing intersects the MOT. Due to the relatively small initi
velocity of the atoms the slower is operated at low intens
and small detuning. Hence, the scattering force from
light on atoms in the MOT is not negligible, especially b
cause optimal operation of the MOT also turns out to be
1050-2947/2002/65~2!/023410~11!/$20.00 65 0234
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comparable intensities and detunings. In essence, this in
duces an additional laser beam to the MOT which canno
neglected in the description of its dynamics, i.e., a sev
beam MOT is created. This seems awkward at first but n
ertheless allows for a MOT containing 93109 atoms, to our
knowledge the largest MOT of metastable atoms reported
far. This is more than a two orders of magnitude increa
since the early work on a neon MOT by Shimizuet al. @13#.

Comparing our results to those obtained with helium
find a completely different set of operating paramete
Whereas in helium MOTs@4,14–17# generally very large
intensities and detunings are used, we trap our maxim
number of atoms at very low intensity and relatively sm
detunings.

This paper is organized as follows. We start in Sec. II w
a description of our setup. In Sec. III a model focusing on
number of atoms in our MOT is developed taking into a
count the Zeeman slower laser beam. Section IV contain
overview of the diagnostics that are applied to characte

FIG. 1. Overview of the MOT and Zeeman slower including t
detection setup. The probe laser beam used for absorption ima
propagates along thez axis and is not shown in this figure.
©2002 The American Physical Society10-1
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S. J. M. KUPPENSet al. PHYSICAL REVIEW A 65 023410
the MOT. In Sec. V we present supporting data for the m
features of our seven-beam MOT model. Section VI a
dresses the maximization of the number of trapped atoms
Sec. VII the trap loading and loss dynamics are investiga
yielding Penning ionization rate constants resulting in a
finement of the model. In Sec. VIII we discuss the prospe
of achieving BEC in our setup. We end in Sec. IX wi
concluding remarks.

II. EXPERIMENTAL SETUP

A. Trapping chamber

Our MOT is loaded from a bright and cold beam of me
stable neon atoms@12#. Starting with a liquid-nitrogen-
cooled supersonic discharge source, this beam is prepare
applying laser cooling techniques such as Zeeman slow
Doppler cooling and collimation, and magneto-optical co
pression. The atom beam has a diameter of about 1 mm
the atom flux is about 331010 atoms/s. This is a pure beam
of 3P2 atoms. A combination of a beam stop close to t
source and a small exit orifice ensures that there are no
photons, ground state atoms, or thermal atoms in the wr
metastable state nor other isotope atoms reaching the
ping chamber. The axial velocity of the atoms is 100 m/s a
the transverse velocity spread is Doppler limited.

At the exit of this beam preparation stage the vacu
pressure is 1028 mbar. With BEC in mind we have inserte
an additional differential pumping stage~see Fig. 2! to obtain
sufficiently low pressures in the trapping chamber. Idea
the pressure drops from 1028 mbar in the vacuum system o
the beam machine via;1029 mbar in the differential
pumping chamber to;10210 mbar in the trapping chambe
The ion-getter pump currents of both chambers indicat
pressure below 1028 mbar. Both the trapping chamber an
differential pumping stage are pumped by 20 l/s ion ge
pumps and are equipped with titanium sublimation pump

The atom flux is measured in front of the first pumpi
resistance with an indium tin oxide covered glass plate
can be moved in and out of the beam. From the transv
velocity spread of the atom beam and diameter of the sec
pumping resistance we estimate that about 80% to 90%
the atom flux from the beam preparation stage will reach
trap center.

FIG. 2. Schematic side view of the trapping chamber.
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B. MOT

We use three laser beams that are retroreflected to m
the three pairs ofs1-s2 polarized laser beams of the MO
@11#. The radial trapping beams are at 45° with respect to
vertical ~see Figs. 1 and 2!. The trapping beams are obtaine
by putting an 18 mm diameter aperture into a 16 mm wa
(1/e2) laser beam. In this way the intensity at the edge of
trapping beams is still 50% of the peak intensity. This e
sures efficient capturing of atoms and allows for large MO
cloud diameters. The three trapping laser beams have e
intensity. The total six-beam intensity will be denoted byI M .
We also introduce the total six-beam on-resonance satura
parameter sM5I M /I sat. The MOT is operated on the
Ne(3s) 3P2↔Ne(3p) 3D3 cycling transition at 640.2 nm
for which the natural linewidthG52p38.23106 rad/s and
I sat54.08 mW/cm2 for circularly polarized light. The detun
ing from resonance will be denoted asDM . The trapping
light can be switched on and off within 2 ms with a mecha
cal shutter.

The MOT quadrupole field is produced by anti-Helmho
coils made of 4 mm diameter hollow copper tubing. Ea
coil consists of 24 turns: three layers of eight turns each. T
magnetic field gradient of the coil configuration was me
sured to beG[¹zB52¹rB50.33 G cm21A21.

Three sets of Helmholz coils are used for compensa
the Earth’s magnetic field. These coils can also be use
counteract the displacement of the MOT caused by the a
tional Zeeman slower laser beam.

C. Zeeman slower

The atoms entering the trapping chamber have an ave
velocity of 100 m/s which is still too large to be efficientl
captured by the MOT. Therefore we included an additio
Zeeman slower that reduces the velocity to below 30 m/s
s1-polarized 15 mm diameter laser beam counterpropag
to the atom beam. This beam also crosses the trap reg
Two coils on either side of the trap center generate a m
netic field gradient along the atom beam axis. The magn
fields of the two coils add up in such a way that the field
the upstream side of the trap is eight times larger than on
downstream side, with a field zero at the trap center. T
gradient on the left is about 3 G/cm. We operate at a la
intensity I Z50.8 mW/cm2 and detuningDZ526.7G.

D. Laser setup

Two dye lasers are used to run the complete setup. On
used for the neon beam preparation, which also supplies
extra Zeeman slower beam and the absorption imaging p
beam. The second laser is completely dedicated to opera
of the MOT.

The dye lasers are frequency stabilized to t
(3s) 3P2↔(3p) 3D3 transition at 640.2 nm using saturate
absorption spectroscopy. The linewidth of the lasers is be
1 MHz as determined from measuring the beat node betw
them. Detuning from the atomic resonance is achieved
Zeeman shifting the saturated absorption line by applying
external magnetic field to the gas discharge cell.
0-2
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III. MODEL FOR A SEVEN-BEAM MAGNETO-OPTICAL
TRAP

A. Trap population

For any atom trap the steady-state number of atoms
can be trapped is a balance between the loading rate an
possible loss processes. In the case of losses due to b
ground gas collisions and two-body intratrap collisions t
balance is governed by the differential equation

dN~ t !

dt
5R2

N~ t !

t
2bE n2~r ,t !d3r ~1!

for the number of atomsN(t) in the trap. Here,R is the
loading rate,t the time constant for density independe
losses,b the loss coefficient for intratrap collisions, an
n(r ,t) the density distribution.

Generally, the density in metastable atom MOTs is l
enough to assume that the spatial distribution is indepen
of the number of trapped atoms, i.e.,n(r ,t)5n(r ) f (t). Our
measurements show that the density distribution is Gaus
and does not depend on the number of atoms in the t
Hence, by introducing the effective volumeVeff
58p3/2sxsysz @17#, with s i the rms widths of the distribu
tions in thex,y,z directions, Eq.~1! becomes

dN

dt
5R2

N~ t !

t
2

bN2~ t !

Veff
. ~2!

The steady-state number of atoms in the trap calculated f
Eq. ~2! is

Nst5
Veff

2bt F S 11
4Rbt2

Veff
D 1/2

21G . ~3!

Solving Eq.~2! for N(0)50 one finds the time dependenc
of the number of atoms during loading of the MOT:

N~ t !5Nst

12exp~2t/t0!

11~Nst
2b/VeffR!exp~2t/t0!

, ~4!

with

t05
t

~114bRt2/Veff!
1/2

. ~5!

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

N~ t !5
Nstexp~2t/t!

11~bNstt/Veff!@12exp~2t/t!#
. ~6!

For the values ofb and the density obtained in our trap
5310210 cm3/s and 1010 atoms/cm3, respectively, the life-
time determined by the intratrap collisions is 1/(bn)
50.2 s. This is much shorter than the lifetime resulting fro
background gas collisions, which is on the order of 3 s. T
means that in order to simplify the analysis of our MOT w
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can neglect theN/t term in Eq. ~2! with respect to the
bN2/Veff term. The steady-state number of atoms then
comes

Nst.~RVeff /b!1/2. ~7!

From Eq. ~7! the importance of the volume of the trap
determining the number of trapped atoms is immediat
clear. A large volume trap keeps the density and con
quently the two-body collision rate low such that a stea
state is reached with a larger number of atoms in the tra

B. Doppler model

In the following we develop a simple two-level atom
model for the dependence of the volume of trapped atoms
the trap parameters. The size of the atom cloud is determ
by the equipartion of kinetic and potential energy of the
oms, resulting in a volume given by

V5~2pkBT!3/2~kr
2kz!

21/2, ~8!

whereT is the temperature of the atoms, andkr andkz are
the radial and axial spring constants of the trap, respectiv
Note thatVeff52A2V. We assume that the temperature
given by the Doppler cooling limit at a given detuning@18#.
As the data in Sec. V A show, this is a valid assumption
our MOT. The spring constant is taken to be the derivative
the photon scattering force of a two-level atom@18#. One
then arrives at

V5V0F S 2d81
1

2d8
D ~11sM/614d82!2

d8~sM/6!~G/G0!
G 3/2

, ~9!

with

V05
p3/2

32 F \G

kLmBG0
G3/2

, ~10!

whereG0510 G/cm in the strong direction,kL is the wave
number of the laser light, andd85DM /G. We have assumed
equal intensities in all MOT laser beams. The value ofV0
52.531029 cm3.

Combining Eq.~7! with Eq. ~9! shows that the detuning
dependenceV}d86 for d8@1 will strongly determine how
many atoms can be loaded into the MOT at a givenDM . The
ratio R/b is expected not to depend so strongly onDM be-
causeR andb are likely to scale in the same direction, ma
ing the ratio weakly dependent on the specific values ofI M
and DM ~see Sec. VII!. According to this simple model the
number of atoms in the MOT is increased for large detunin
and small intensities.

C. Trapping potential: Geometric trap loss

The model states that the number of atoms is fully de
mined by the volume of the atom cloud. However, the
crease of the volume cannot continue forever: for a cer
detuning the edge of the atom cloud will shift outside t
trapping laser beams. The volume, and therefore the num
0-3
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S. J. M. KUPPENSet al. PHYSICAL REVIEW A 65 023410
of trapped atoms, will then no longer increase. In additi
the Zeeman slower beam overlaps with the MOT and con
quently pushes the atom cloud out of the center of the tr
ping beams. This causes the edge of the cloud to shift out
the laser beams at even smaller cloud diameters, which l
to an extra reduction of the volume.

The dependence of the cloud diameter on detuning
given by the Doppler model. The shift of the cloud can
calculated by adding the radiation force of the slower be
to that of the MOT laser beams, where we restrict oursel
to the forces directed along thex axis. The integral of the
total force is then an effective trapping potential. A tilte
trapping potential is the result as illustrated in Fig. 3, wh
the potential for different detunings of the MOT beams a
fixed intensity is shown. The intensity and detuning of t
slower light are fixed at our experimental operating valu
The depth of the potential is of the order of 1 K, much mo
than the expected cloud temperature of 1 mK. If we assu
that the atom cloud is centered at the position of the poten
minimum it is clear that it will shift whenDM is changed.
The cloud shifts because the MOT radiation forces beco
weaker whenDM is increased whereas the radiation for
from the slower light is fixed because its intensity and det
ing are fixed. We can calculate the shift of the deepest p
x0 of the potential for different trapping conditions. Figu
4~a! shows this shift for a number of MOT light intensitie

FIG. 3. The full confining potential of the MOT~a! and close-up
~b! of the deepest point of the potential for three different detuni
of the trapping light. The minimum of the potentials is fixed to 0
Trapping conditions areG510 G/cm andsM50.6.

FIG. 4. ~a! Shift x0 of the trap center as a function ofDM for
different values ofsM andG510 G/cm. In~b! the shift of the edge
of the atom cloudx01sx is shown as a function ofDM for sM

50.5.
02341
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The displacement is seen to easily become as large a
mm, which is larger than the radius of the MOT laser beam
For smallsM the minimum in the potential shifts away from
the trapping center faster than for largesM , i.e., the curves in
Fig. 4 are steeper for smallsM .

In order to know what the limiting volume of the clou
will be we need to add the radius of the cloud to the sh
This results in a critical detuningDC where the edge of the
cloud starts to shift outside the laser beams. This is ill
trated in Fig. 4~b!. For DM.DC the cloud diameter starts t
shrink again because the cloud radius is determined by
distance between the potential minimum and the edge of
MOT laser beams. The MOT becomes leaky at the edges
due to the strongly reduced volume the number of atoms
decreases strongly. We call thisgeometric loss.

We can now estimate how many atoms can be loaded
our MOT. We insert the effective volume calculated from E
~9! into Eq. ~7! and assumeR52.431010 s21 ~100% cap-
turing efficiency! and the theoretical valueb58
310210 cm3/s @19#. For the time being we assumeR andb
to be independent ofDM , I M , andG. This is not fully cor-
rect, as will be discussed later, but allowed because we
pect the detuning dependence of the volume to domin
completely. Figure 5 shows the result for a number of tra
ping conditions. The number of trapped atoms strongly
creases with increased detuning as expected. We assum
the maximum number of atomsNmax will be reached atDM
5DC. Figure 5 shows that about 63109 atoms can be
loaded for a large range of MOT parameters.

IV. DIAGNOSTICS

Our setup is equipped with a number of diagnostic to
to measure number, size, and temperature of the atom c
in the MOT. This section gives an overview of the techniqu
used to obtain the data presented in this paper.

A. Fluorescence

The fluorescence from the cloud of atoms held by
MOT is used to determine the total number and size of

s

FIG. 5. Calculated number of trapped atoms~solid curves! as a
function of the detuning of the trapping beams forG510 G/cm
and different MOT light intensities. From left to rightsM

50.3,0.5,1.0,2.0, and 4.0. The critical detuningDC is indicated by
vertical dashed lines.
0-4
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APPROACHING BOSE-EINSTEIN CONDENSATION OF . . . PHYSICAL REVIEW A 65 023410
cloud. The geometry of the detection system is shown in F
1. The use of a beam splitter enables a simultaneous m
surement of the total fluorescence and the imaging of
cloud onto a charge-coupled device~CCD! camera.

Townsendet al. @20# found empirically that the total emit
ted fluorescence power of a cloud ofN cesium atoms held in
their MOT is given by

Pfluor5N\v
G

2 F CsM

11CsM14d82G , ~11!

where the coefficientC50.7 takes into account that the a
oms are multilevel atoms moving in the spatially chang
light polarization of the six MOT laser beams. For the h
lium MOT discussed in@17#, the value ofC turned out to be
slightly smaller than the averaged Clebsch-Gordan coe
cients. The average of the squares of the Clebsch-Go
coefficients of the neon cooling transition is 0.46. We ad
the valueC50.7 for calculating the number of atoms in o
trap. In this way we are more likely to underestimate t
number of atoms than vice versa.

During the measurement of the number of atoms in
MOT the slower beam is also present, which results in ad
tional fluorescence from the atoms. We correct our numb
for this effect, again using Eq.~11!. Furthermore, due to the
large cloud diameters in our MOT the magnetic field gradi
causes the atoms at the edge of the cloud to Zeeman-
closer to resonance. This effect on the fluorescence amo
to about 20% for the largest clouds and is also corrected
in the presented data. When the uncertainty in the phen
enological parameterC is neglected, the relative uncertain
in the number of trapped atoms is about 10%. The larg
contribution to this uncertainty is produced by the 1 MH
i.e., 0.13G, uncertainty in the frequency of both trapping a
slower lasers.

The volume of the atom cloud can be measured by a
lyzing fluorescence images taken with a CCD camera, p
tioned below the trapping chamber~Fig. 1!. By fitting the
intensity profile of the CCD frames with Gaussians the r
width in the x and z directions can be determined. The im
ages are well described by Gaussians. In order to calcu
Veff from the measured sizes we assume that the width in
y direction is equal to that in thex direction. This assumption
is based on the radial symmetry of the MOT magnetic qu
rupole field. The relative uncertainty in the measured volu
is approximately 12%, and is determined by the uncerta
in the Gaussian fits and the uncertainty in the convers
from pixels to real sizes.

B. Absorption imaging

In addition to the fluorescence imaging we apply abso
tion imaging to measure the size, number, and temperatu
the atom cloud in the MOT. We image the atoms while t
MOT is running in a steady state. The laser beam used
this is spatially filtered by a single-mode optical fiber. T
laser beam has a Gaussian waist of 40 mm which is a
tured down to a diameter of 20 mm in order to avoid refle
tion and scattering at the edges of the vacuum windows. T
02341
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imaging beam is directed along thez axis and imaged onto a
CCD camera. The intensity of the probe beam is 0.033I sat
and the exposure time 30ms, small enough not to influenc
the trap population. The detuning is adjusted such that
optical density is about unity.

Using the absorption images we can also measure the
of the atom cloud in they direction and have a consistenc
check of the cloud size in thex direction. Integrating the
two-dimensional optical density profile over the comple
image gives us a consistency check on the total numbe
atoms as compared to the total measured fluorescence
find that the absorption images give a total atom number
is about 20% to 50% higher than obtained from the fluor
cence measurement.

The absorption imaging technique is also used to mea
the temperature of the atoms in the MOT. After switching
the MOT light and magnetic fields, the atom cloud expan
ballistically. The radial velocity distribution of the atom
cloud is inferred from the radial expansion rate.

C. Metastable atom time of flight

Working with metastable atoms gives us an extra m
surement tool. As indicated in Fig. 1 we have installed
channeltron 40 mmabove the center of the MOT, which
allows us to detect UV photons, metastable atoms, and
originating from the trap. In front of the entrance of th
channeltron~type Galileo 4039! a grid is placed which can
be put on a positive voltage to measure only metastable
oms and UV photons, or on a negative voltage to also de
ions. We use the metastable atom signal to measure the
perature. This is done by measuring the time-of-flight dis
bution of the detector current after the MOT light is switch
off and the cloud expands ballistically. Assuming that t
velocity distribution of the trapped atoms satisfies
Maxwell-Boltzmann distribution, the channeltron signalI (t)
is given by

I ~ t !}
~vy,02gt!

t3
expS 2

vy,0
2

2sy
2D . ~12!

Here,vy,0 is the initial velocity of the atoms hitting the de
tector at timet,

vy,05

yd1
1

2
gt2

t
, ~13!

with yd540 mm the distance from the channeltron to t
trapping center, andg the acceleration caused by gravity. Th
temperature is calculated from the vertical rms veloc
spreadsy .

V. MODEL VERSUS EXPERIMENT

The Doppler model described in Sec. III predicts tw
typical behaviors. As a function of the laser detuning t
volume of the cloud of atoms increases strongly and its c
ter shifts along the axis of the Zeeman slower beam. B
0-5
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effects are demonstrated in Fig. 6, which shows fluoresce
images of the cloudin situ, i.e., taken while the MOT is
switched on. From the image taken at24.5G it is clear that
the effective volume of our MOT clouds can be as huge
1 cm3. This is three orders of magnitude larger than a ty
cal alkali-metal MOT. In the following we will look into
some MOT properties in more detail and present data
support the Doppler model.

A. Temperature

One of the assumptions in our model is that the tempe
ture of the atoms is close to the Doppler limit. To check t
assumption and to characterize our MOT we measured
temperature for a number of MOT conditions.

A systematic measurement of the temperature was d
with the metastable atom time-of-flight~TOF! technique de-
scribed earlier. Two of the measured time traces are show
Fig. 7, for different MOT parameters. From the TOF sign
shown in Fig. 7 it is clear that the temperature of the clo
increases for larger laser detunings as expected from
Doppler cooling model@18#. Curve fits of the expected sig
nal shape are also shown in Fig. 7 by the dashed cur
From these the temperature of the atom cloud was de
mined for different laser detunings. The results are show
Fig. 8. The temperature of the cloud is close to the Dopp
temperature, which is indicated by the solid curve. Arou
the critical detuning, the temperature starts to increase, p
ably due to the geometric loss process or through a la

FIG. 6. In situ CCD images of clouds of atoms trapped in t
MOT for different values ofDM , andsM50.4 andG523 G/cm.

FIG. 7. Metastable atom TOF signals for a MOT operated w
laser beam intensitysM50.8 for two detunings. The curves are fi
to the data of the model described in the text.
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heating influence of the slower laser beam.
As a consistency check we applied absorption imaging

a MOT at relatively high intensitysM51.1, and DM5
22.7G andG57.6 G/cm. For these parameters the cloud
relatively dense and can still be imaged well after 7 ms
expansion. The detuning of the probe beam was taken
Dprobe52G/2. From the rate of expansion in the horizont
and vertical directions we find a temperature ofTx50.78
60.15 mK andTy50.8560.13 mK, respectively. This is
slightly higher than the expected Doppler temperature at
trapping condition, which is 0.55 mK. The result is in agre
ment with the temperature determined from the metasta
TOF signals.

We conclude that the temperature of the atom cloud
close to the Doppler temperature and scales accordingly
detuning. This validates our assumption in deriving the v
ume of the cloud in terms of a Doppler model~Sec. III!.

B. Volume as a function of detuning

The strong detuning dependence of the volume is ill
trated by the data shown in Fig. 9~a!. Data are shown taken
for different values ofsM at a fixed valueG523 G/cm. On
varying DM from 22G to 25G, the volume typically in-
creases by a factor of 20 to 50, depending onsM . At higher
intensities the volume does not increase as strongly. N
that V can become as large as 0.5 cm3 resulting in Veff

FIG. 8. Temperature of the MOT atoms as a function of det
ing, obtained from metastable atom TOF (d) at sM50.8 and ab-
sorption imaging (s) for sM51.1 andG57.6 G/cm.

FIG. 9. Volume~a! and density~b! of the cloud of atoms in the
MOT as a function of the MOT laser detuning for differentsM

values andG523 G/cm. The critical detuning is indicated for th
SM50.4 trapping condition~dotted line!.
0-6
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51.4 cm3. It is at these large volumes that the largest nu
ber of atoms is trapped. At the critical detuning the num
of trapped atoms wasNmax563109 for thesM50.4 data set.

From the volume of the cloud and the number of atoms
the cloud we can estimate the central densityn05N/V. With
V increasing rapidly as a function ofDM the density remains
low. This is illustrated by the data in Fig. 9~b!, where the
central densityn0 is plotted as a function ofDM . At the
detuning where the largest samples are trapped, i.e., a
critical DC , the density is about 131010 atoms/cm3.

Comparing the data with Eq.~9! we find that the mea-
sured volumes are much larger than the model pred
However, by usingV0 as a single fit~scaling! parameter we
obtain the solid curves shown in Fig. 9~a!. Clearly, the model
predicts the correct dependence of the volume on detun
Moreover, data sets taken for different intensities (sM50.4
to 2.0) and magnetic field gradients (10 to 23 G/cm! all
result in the same value ofV0

fit5(1.160.2)31028 cm3.
Here the uncertainty refers to the spread of the fits.

The discrepancy betweenV0 and V0
fit can be explained

partly from the fact that the model is based on the Dopp
force for a simple two-level atom. In reality the force b
comes smaller because the Clebsch-Gordan coefficien
the different sublevels have to be included. If we take care
this by substituting 0.46sM for sM we find V050.8
31028 cm3, close to the fitted value. We checked that t
volume is independent of the number of atoms in the tr
This was found by decreasing the loading rate and measu
the volume again.

We find that the detuning dependence of the volume
the cloud of atoms in our MOT is described qualitative
very well and quantitatively quite reasonably by the Dopp
model described in Sec. III.

C. MOT displacement

From fluorescence images like that shown in Fig. 6
displacement of the atom cloud can be inferred. Figure
shows the coordinates of the cloud center (x0 ,z0) as a func-
tion of DM for thesM50.4 data set of Fig. 9~a!. We see that,
going from DM522G to 25G, the cloud center moves

FIG. 10. Radialx0 (d) and axialz0 (s) displacement of the
measured trap center as a function ofDM for sM50.4 and G
523 G/cm. The solid curves show the shifts predicted by the D
pler model~Sec. III C!.
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mm in the radial~x! direction, while in the axial direction~z!
the cloud stays more or less fixed as expected. The s
curve in the figure indicates the radial shift calculated w
the model of Sec. III C. We see that the displacemen
described rather well by the Doppler model.

VI. MAXIMIZING TRAP POPULATION

To optimize the number of atoms in our MOT we me
sured the steady-state population for a large range of M
parameters. Throughout this section the atom number is
termined from the total fluorescence as described in S
IV A.

Figure 11~a! shows the number of trapped atoms as
function of the laser detuning for different laser beam inte
sities and a fixed magnetic field gradient. For each inten
the number of trapped atoms increases until the critical
tuning DC , beyond which the number of atoms sudden
decreases. For the measured critical detuning we take
detuning at which the measured amount of trapped atom
maximum, i.e.,Nmax. We see that this critical detuning in
creases for increasing intensities and simultaneouslyNmax
decreases. The corresponding measured critical detunin
compared to the Doppler model in Fig. 11~b!. We observe
good agreement with the geometric loss model.

For higher laser beam intensities the drop in the amo
of atoms beyond the critical detuning is more gradual, as
be seen in Fig. 11~a!. This is also in agreement with th
model as can be inferred from Fig. 4~a!. The curves predict-
ing the shift of the center of the cloud are less steep
higher laser intensities. We find that the number of atoms
the MOT is maximized for low intensity,sM50.25 andDM
'23G for G510 G/cm.

To find the optimum magnetic field gradient we keep t

-

FIG. 11. ~a! Number of trapped atomsN as a function ofDM for
differentsM and fixedG510 G/cm.~b! MeasuredDC as a function
sM (d), determined from the data in~a!. The solid curve in~b! is
derived from the Doppler model discussed in the text.
0-7
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intensity fixed atsM50.4 and measure the number of atom
again as a function ofDM for different values ofG. The
resulting data are shown in Fig. 12~a!. We find that for in-
creasingG values Nmax increases andDC shifts to larger
detunings. An optimum is reached atG520 G/cm, beyond
which Nmax decreases again. We find a maximum numbe
20Ne atoms ofNmax593109 for sM50.4, DM523.8G, and
G520 G/cm.

As can be inferred from Fig. 12~b! the shift of DC is in
agreement with the model discussed in Sec. III C. Lar
gradients allow for largerDC. This also means that despi
the inverse scaling ofV with G3/2 traps with larger volumes
can be obtained at larger values ofG. The decrease ofNmax
for large G values may be caused by a deterioration of
Doppler cooling and trapping forces due to strong magn
fields, especially at the edges of the cloud@21,22#.

A point of concern is the fact that the model described
Sec. III predicts thatNmax hardly depends on intensity
whereas our data show a strong dependence~see Fig. 11!.
This difference can be explained by the fact that the assu
tion of constantR andb being is too strong a simplification
of reality. As we will show in the next section, both depe
on intensity and detuning in a way that to a large ext
explains the discrepancy.

VII. TRAP DYNAMICS

The steady-state number of trapped atoms as optimize
the previous section is not the only parameter that charac
izes the trap. The loading efficiency and lifetime are a
important. The two-body loss rateb due to ionizing colli-
sions is of particular interest to explain the intensity dep
dence ofNmax and for future work toward BEC. These qua
tities can be inferred by measuring the number of atoms

FIG. 12. ~a! Number of atomsN in the MOT as a function of the
laser detuningDM , for different magnetic field gradientsG for sM

50.4. In ~b! measured (d) and calculated~solid curve! critical
detuning as a function of the magnetic field gradientG.
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the trap as a function of time, during loading as well as af
the loading is stopped. Figure 13 shows an example of s
a measurement. The number of atoms increases as the
ing is started, reaches a steady state after about a second
decreases again when the atom beam is switched off.
Zeeman beam is kept on during the whole measurement,
we retain a seven-beam MOT configuration.

We determineR, b, andt for a number of trapping con
ditions from time traces as shown in Fig. 13. This is done
curve fitting Eq.~4! and Eq.~6! to the rising and falling edge
of the time trace, respectively. In a self-consistent way b
sides are fitted at the same time with the same parame
We find an exponential lifetime oft5361 s throughout the
range of MOT parameters where we operated our MOT.

A. Loading efficiency

We find that at the optimum conditions the loading rate
about 90% of the atom beam flux, consistent with the loss
atoms due to the pumping resistance. This means that the
100% of the atoms reaching the center of the trapping ch
ber can be captured for the optimum loading parameters.
precise value of the loading rate is seen to be rather sens
to the alignment of the MOT laser beams and slower be
which causes day to day variations. This makes it hard
give a detailed quantitative picture. However, qualitative
some general trends are clearly visible in the data. At a fi
detuning the loading rate increases nearly linearly with
creasing intensity and tends to level off forsM.1. When the
intensity is kept constant the loading rate decreases with
creasing detuning, for the range of detunings used throu
out this paper.

B. Trap lifetime

As mentioned in Sec. III A the lifetime of the trap i
dominated by two-body intratrap collisions, i.e., Penni
ionization. In that section we characterized this loss with
coefficientb. For simplicity of the model we assumedb to
be independent ofI M andDM . However, although most at
oms in the trap are in the ‘‘ground’’~g! state 3P2 a small

FIG. 13. Experimental loading and decay curve of the trap.
t50 the loading of the trap is started, i.e., the atomic beam
switched on; att52.1 s the loading is stopped. Trapping conditio
areDM524.4G, sM50.4, andG523 G/cm.
0-8
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fraction is excited to the ‘‘excited’’~e! state 3D3 due to op-
tical pumping induced by the trapping light and Zeem
slower light. This results in three possible types of collisi
between two atoms in the MOT: g-g, g-e, and e-e. Furth
more, the cross sections for ionization of the three types
collision differ. Hence,b is a function of the populationsPg
and Pe of the ‘‘ground’’ and ‘‘excited’’ states, respectively
The simplest model to describe this can be written as

b5Pg
2Kgg12PgPeKge1Pe

2Kee, ~14!

with Ki j the rate coefficients fori -j collisions. Experiments
with metastable helium atoms@15–17,23# show thatKge can
be two orders of magnitude larger thanKgg and thatKee can
be neglected@23#. Mastwijk et al. @14#, however, report aKge
which is only a factor of 20 larger thenKgg, for metastable
helium. To our knowledge, no experimental results ha
been reported for metastable neon atoms so far.

A detailed study of the light assisted collisions in our ne
MOT is beyond the scope of this paper. Here we rest
ourselves to describing the general trends in order to exp
the scaling ofNmax with I M . To this end we measuredb as a
function of the intensity for a fixed detuning of23G. The
result is shown in Fig. 14. For comparison with Eq.~14! we
have plottedb as a function of the excited state fraction

Pe5
sM/2

11sM14~DM /G!2
1

sZ/2

11sZ14~DZ /G!2
, ~15!

taking into account the slower beam as well. The data in F
14 indeed show a strong dependence ofb on intensity. By
measuring the ion production rateRion}bN2/Veff with the
channeltron this increase ofb could be confirmed.

For the data set shown in Fig. 14 the smallest measu
value ofb is (461)310210 cm3/s. In general we find tha
the observed values ofb never drop down to the zero inten
sity value of 8310211 cm3/s predicted by theory@19#, for
detunings ranging from22G to 26G. Our lowest intensity
data for different detunings can be summarized by sta
that Kgg5(563)310210 cm3/s. This large value could
point to an underestimation of the density in our MOT. T
data in Fig. 14 show another typical behavior. Below a giv
intensity b drops faster than expected from Eq.~14! when

FIG. 14. Measuredb (d) as a function of the excited stat
fraction. The solid line is a linear fit to the data forPe.0.02.
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the intensity is decreased. This is illustrated in Fig. 14 wh
we show the curve of Eq.~14! fitted to thePe.0.02 data
points. The deviation at low intensities may be explained
the fact that the MOT cloud changes its shape. Becaus
this we may underestimate the volume of the cloud which
calculated fromsx and sz only, obtained from the fluores
cence images. Nevertheless, the high intensity data do
suffer from this effect. The fit of Eq.~14! to the data in Fig.
14 givesKge5(3.561.0)31028 cm3/s. We plan to investi-
gate light assisted collisions in our MOT in more detail in t
future.

We now come back to the fact that the measuredNmax
values shown in Fig. 11 decrease by a factor of 3 with
creasing intensity, whereas according to the modelNmax is
nearly independent of intensity. The scatter in the load
rate data does not allow for a quantitative explanation of t
discrepancy. The data forb show much less scatter. To est
mate what the influence ofb is onNmax, we assume that Eq
~14! gives a reasonable description of the intensity and
tuning dependence ofb when we take Eq.~15! to calculate
the excited state fraction. The values ofKgg and Kge are
determined from the data in Fig. 14. We calculated the nu
ber of atoms in the MOT again for constantR but now in-
serting the detuning and intensity dependentb. The result is
that Nmax decreases by a factor of 1.8 when the intensity
increased fromsM50.4 to sM54.0. So part of the decreas
of Nmax can be explained by the intensity and detuning d
pendence ofb. The remaining decrease ofNmax found in the
data must then be attributed to intensity and detuning dep
dencies ofR.

VIII. PROSPECTS FOR BOSE-EINSTEIN CONDENSATION

A MOT containing close to 1010 atoms is a good starting
point on the road to BEC@7#. Moreover, by locking the laser
to the resonance frequency of the22Ne isotope, we trapped
33109 atoms of that isotope for the same MOT paramete
This gives us the opportunity to switch to the less abund
isotope if the scattering length turns out to be too small
even negative.

In addition to the bosonic isotopes the fermionic isoto
21Ne is also available in our setup. By scanning the f
quency of the laser that is used for preparing the bright n
beam we were also able to generate a21Ne beam with 7
3107 atoms/s. Taking into account that a repumper was
used in this case a flux of over 108 atoms/s seems feasibl
@12#. This holds the promise of making large MOTs of th
fermionic isotope21Ne also. A spin polarized sample of fe
mions would have an even smaller Penning ionization r
due to Pauli blocking ofS-wave collisions.

The large diameter of the cloud of atoms in the MOT h
the advantage that the relative alignment of the MOT a
magnetic trap centers during the transfer from one trap to
other is not very critical. The clover-leaf magnetic trap th
we have installed gives oscillation frequencies of 45 Hz
all three dimensions when the atoms are transferred. W
such a shallow trap misalignments of 1 mm are still acce
able. A disadvantage is that the initial density in the magne
trap will be low. In order to increase the elastic collision ra
0-9
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to values where evaporative cooling starts to work the t
has to be compressed. We can do this by reducing the
field to about 1.5 G, which increases the radial oscillation
350 Hz. In a first attempt we successfully transferred 70%
the atoms from the MOT to the magnetic trap. In between
MOT being switched off and the magnetic trap bei
switched on we applied as1-polarized laser beam along th
z direction to spin polarize the atoms. The transfer efficien
was determined by switching the magnetic trap off after 3
ms and recapturing the atoms in the MOT.

The temperature of the atoms in the MOT was found to
in the Doppler limited regime, i.e., temperatures around
mK. For the highest measured density, i.e.,
31010 atoms/cm3, this corresponds to a phase space den
of nL3.1027. Before loading the atoms into a magne
trap we plan a short optical molasses phase to reduce
temperature and increase the phase space density by an
of magnitude.

The lifetime of the MOT due to background gas collisio
is presently only 3 s. The reason for this short lifetime is
leaking vacuum window. This lifetime is too short to rea
BEC by means of evaporative cooling. Therefore a repla
ment chamber is currently being built. The new chamber w
enable us to reach much better lifetimes, i.e., longer than
24 s lifetime of the metastable state of the neon atoms.

IX. CONCLUDING REMARKS

In conclusion, we trapped almost 1010 metastable20Ne
and 33109 metastable22Ne atoms in a MOT. This was
achieved at low intensity of the trapping beams, i.e.,sM
.0.25. The optimum trapping field is aroundG520 G/cm.
At the optimum trapping conditions the cloud has a ve
large volume of about 1 cm3. The simple Doppler mode
an

M.

un

C

a,
M

nd

R
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and the picture of the seven-beam MOT discussed in Sec
explain the trap charateristics quite well.

The optimum operating conditions differ strongly fro
those used in metastable helium experiments@4,14–17#,
where very high intensities@(100–200) I sat# and large de-
tunings@(20–30)G# are used. Due to the very small natur
linewidth GHe* /2p51.6 MHz of the laser cooling transition
of helium, a different strategy can be chosen where ess
tially a boxlike potential is created by using a very lar
detuning in conjunction with a large gradient and sub
quently high intensity. Due to the much larger linewidth
the neon transition this strategy would require experim
tally unrealistically high laser powers and gradients. Luck
such a strategy is not necessary for metastable neon a
data presented here show. This holds the promise that
strategy may also work for the heavier rare gasses suc
Ar, Kr, and Xe.

The fact that the absorption imaging technique system
cally gives higher total atom number than the fluoresce
technique may mean that we underestimate the numbe
atoms in the MOT. Also, the rather large value ofKgg points
in the direction of underestimating the density. We theref
believe that the value ofKgg presented here sets an upp
limit.
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