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We describe a powerful scheme which combines laser cooling on two transitions of metastable helium to
obtain a high phase-space density. By running a sequence of a large 1083 nm magneto-optical trap(MOT) and
a compressed 389 nm MOT, a density increase of more than one order of magnitude is achieved within 5 ms.
After compression, 83108 atoms at a central density of 531010 cm−3 remain, while the temperature of the
cloud has been reduced from 1 mK to 0.4 mK. The resulting phase-space densitys4.1310−6d is more than one
order of magnitude higher than what we achieved by 1083 nm laser cooling only.
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In the field of Bose-Einstein condensation(BEC),
metastable-state noble gases form an interesting subgroup.
At present, BEC has been achieved in spin-polarized meta-
stable heliumsHe*d [1,2], while progress is made for meta-
stable neon[3,4]. BEC of metastable helium has led to sev-
eral novel experiments exploiting the highs19.8 eVd internal
energy for efficient and nondestructive detection. For in-
stance, ions produced in Penning-ionizing collisions are used
to monitor the birth and decay of the condensate, whereas the
metastable atoms themselves are detected with nearly unit
detection efficiency after dropping the condensate on a
microchannel-plate(MCP) electron multiplier[5,6]. Along-
side, cold collisions in He* were investigated. Photoassocia-
tion experiments[7] revealed new details about the long-
range part of the 23S+2 3P molecular potentials and
production of long-lived doubly exited He2 molecules was
recently reported[8]. The success of both experiments men-
tioned above depends strongly on the ability to reach a high
phase-space density in the atomic cloud, for which magnetic
trapping and evaporative cooling techniques are traditionally
used. This stage of the experiment involves a spin-polarized
cloud of atoms, in which Penning losses are suppressed by
four orders of magnitude as compared to an unpolarized
cloud [1,2,9]. This contrasts the situation in the preceding
MOT stage, where the atoms are equally distributed among
the different magnetic substates, which leads to a Penning
loss-rate constant of order 10−10 cm3/s [10,11]. Moreover,
Penning losses are enhanced in the presence of near-resonant
1083 nm light, which is commonly used to drive the 23S1
→2 3P2 laser-cooling transition. The resulting light-assisted
collisions lead to typical Penning-ionization rate constants as
large as 5310−9 cm3/s [10] and are difficult to circumvent,
since the absence of hyperfine structure in4He prohibits sup-
pression of light-assisted collisions as done in a dark-SPOT
[12]. Therefore, optimization of the MOT for trapping a large
number of atomss.109d results in a large cloud volume and
a relatively low density of about 53109 cm−3. This compli-
cates subsequent magnetic trapping and evaporation for
which a high density is desired. The relatively high
s,1 mKd temperature of the atoms in the 1083 nm MOT

necessitates an additional optical molasses phase, in order to
reduce the temperature sufficiently below the trap depth of a
magnetic trap. After a molasses phase, which typically takes
1 ms, the density has decreased by nearly a factor of two
[13]. The phase-space density obtained before magnetic trap-
ping remains limited to a few times 10−7 when using
1083 nm laser cooling. The initial phase of evaporative cool-
ing therefore proceeds slowly and inefficiently[1,2,13]. Im-
proved starting conditions may provide a higher number of
atoms at the BEC threshold. This, for instance, may allow
further penetration into the hydrodynamic regime. A second
motivation for improving the density in a MOT is the possi-
bility this offers to investigate cold collisions in metastable
helium.

In search for a way to overcome the disadvantages of the
1083 nm MOT, we recently tested magneto-optically trap-
ping of He* at the stronger 23S1→3 3P2 transition (line-
width G /2p=1.5 MHz, saturation intensity I0
=3.3 mW/cm2) at 389 nm[14]. The relevant transitions and
energy levels are shown in Fig. 1. In Ref.[14] it was dem-
onstrated that the larger laser-cooling force at 389 nm can
result in a much smaller cloud volume than can be obtained
at 1083 nm. Meanwhile, the smaller wavelength was shown
to strongly decrease the cross section for light-assisted colli-
sions, which makes the 389 nm MOT much more suitable
for obtaining high densities. Also, the temperature of the
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FIG. 1. Helium level scheme. The long-lived 23S1 metastable
state is populated in a dc discharge. The 23S1→3 3P2 s389 nmd
and 23S1→2 3P2 s1083 nmd laser cooling transitions are indicated
with bold arrows.
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laser-cooled cloud appeared to be lower. Unfortunately, the
389 nm MOT has an intrinsically small loading rate, because
its capture velocity is limited by the relatively large Doppler
shift. In this paper, we describe the result of an experiment in
which we have combined the large loading rate obtained us-
ing 1083 nm laser cooling, with the strong compression pro-
vided by 389 nm laser cooling.

The experimental setup is based on the He* apparatus
described previously[10,13,15,16]. A liquid-nitrogen cooled
dc-discharge source produces a bright beam of He* atoms,
which are subsequently collimated, deflected, and Zeeman
decelerated using 1083 nm light. The slow atoms are cap-
tured in a 1083 nm MOT at a large detuningD
=−22G /2p=−35 MHz. A typical steady-state number of
trapped atomsN=1.2s2d3109 is achieved after 0.5 s of
loading. The background pressure is about 10−9 mbar, and
background-collisional losses are negligible compared to the
two-body losses which occur at a rate of 10–20 s−1. Two-
body collisions in the presence of 1083 nm light predomi-
nantly result in Penning loss, and the produced positive ions
are attracted toward and detected by an MCP. Another MCP
is shielded by a grounded grid, such that it detects only neu-
tral metastable atoms. In addition, a charge-coupled-device
(CCD) camera is used to record absorption and fluorescence
images of the MOT cloud. For the absorption imaging a
weak 1083 nm probe beam is used. We have added to the
setup six individual 389 nm laser beams, obtained from a
frequency-doubled titanium:sapphire laser. The total inten-
sity at 389 nm is typically 200 mW/cm2 inside the vacuum
chamber. This establishes a 389 nm MOT, with a total satu-
ration parameterS=60, spatially overlapped with the
1083 nm MOT. With this beam configuration we were able
to run a small, bare 389 nm MOT. Since 10% of the 33P2
population in this MOT decays via the 33S1-state cascade
which involves visible 707 nm fluorescence(Fig. 1), this
MOT is easily viewed using a second CCD camera which
monitors 707 nm light only.

With the described setup the following experimental se-
quence is executed. The 1083 nm MOT is loaded for 1 s. The
magnetic field gradient]B/]z (axial direction) is ramped up
from 12 G/cm to 18 G/cm during the last 7.5 ms of the
loading phase, allowing sufficient time for the current power
supply to respond. Although this increases the density of the
cloud and, as a consequence, the two-body loss rate, the
duration of the ramp is short enough to ensure that no more
than 2% of the atoms are lost. Then, at timet=0 ms, we
switch off the 1083 nm light, while simultaneously the
389 nm light is switched on. Using a detuningD=
−10 MHz (which corresponds to −7G), the 389 nm phase
lasts for 5–20 ms, after which the cloud is detected by ab-
sorption imaging or by time-of-flight(TOF) measurements
using the He*-detecting MCP. During the 389 nm phase, the
cloud volumeV=N/n0, with n0 the central density, decreases
dramatically within 5 ms. The time dependence of the vol-
ume is shown in Fig. 2, withV extracted from absorption
images. The time dependences of the rms radii of the cloud
in the radial and axial directions of the quadrupole field,sr

and sz, fit to an exponential decrease with respective time
constantstr andtz. The functional dependence of the radii is
of the formsstd=sf −ssf −sidexps−t /td, wheresi ands f are

the initial and final radii. Assuming a Gaussian density dis-
tribution, the time dependence of the volume follows from
Vstd=s2pd3/2sr

2stdszstd. We observe a volume reduction from
an initial volume Vi ,0.23s3dcm3, to a final volumeVf

,0.010s3dcm3, with a time constant of 1 ms. This behavior
may be not too surprising since the nonequilibrium situation,
which is created att=0 ms when the 389 nm light is
switched on, will result in a damped motion of the trapped
atoms toward a new steady state. From the absorption im-
ages we determine that up to 83108 atoms remain after a
5 ms compression phase, corresponding to an overall trans-
fer efficiency of 70%.

We measured a relatively small capture rate of slow atoms
from the He* beam during the 389 nm phase by running a
bare 389 nm MOT under typical conditions. To simplify fur-
ther analysis, we stop the loading att=0 ms by switching off
the Zeeman-decelerator laser, which does not noticeably af-
fect the number of trapped atoms. The compression leads to
a substantial increase in density. Under typical circum-
stances, a density of 5.0s1.7d31010 cm−3 is observed
4–6 ms after switching to the 389 nm MOT. This number is
extracted directly from an absorption image, or indirectly
using the number of atoms according to a TOF and a volume
measured with an absorption imaging. The TOF signal is
calibrated with an absorption image taken after the 1083 nm
MOT stage, where the magnetic-field gradients are small, as
well as the column density, which ensures reliable calibra-
tion. We found a good agreement between the two methods.
The achieved high density implies that the 389 nm MOT is

FIG. 2. Ion-detection rate and cloud volume as a function of
time. Single data points indicate the volume of the cloud as deter-
mined from absorption images during the 389 nm phase, which
starts att=0 ms. The curve represents the volume as obtained from
an exponential fit to the cloud-radii data. Error bars indicate prima-
rily shot-to-shot measurement variations. The dotted curve is the
typical ion signal during the compression stage. Beforet=0 ms, the
He* cloud is contained in a 1083 nm MOT. During the last 7.5 ms
of the 1083 nm phase, the magnetic field gradient is increased. At
t=0 ms, the 1083 nm light is switched off, and the 389 nm light is
switched on. The ion-detection rate rises to a maximum, which
corresponds to the maximum density(see text). At t=20 ms the
389 nm MOT is switched off completely, causing the signal to drop
to zero. The inset shows the ion signal, when att=8 ms the 389 nm
light is switched off, while simultaneously the 1083 nm light is
switched on again.
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no longer in the temperature-limited regime, where the den-
sity distribution of the cloud is governed by the equipartition
of the kinetic energy and the potential energy(provided by
the MOT trapping lasers only) of the atoms in the MOT
[17,18]. Indeed, the volume of the fully compressed cloud is
more than two orders of magnitude larger than what one
calculates from the spring constants of our 389 nm MOT
[19]. This might indicate that radiation trapping forces are at
work here, and limit the achievable density. However, also in
this respect 389 nm light is advantageous over 1083 nm
light: the resonant absorption cross section for 389 nm is
almost eight times smaller than for 1083 nm light, whereas
the radiative pressure at 389 nm is only 2.7 times larger.
Therefore, the outward radiation-trapping force in the cloud
is smaller at 389 nm than at 1083 nm.

The relatively small detuning of the 389 nm light also
influences the temperature of the cloud. The temperature is
determined from the TOF measurements, in which He* at-
oms are detected by an MCP after they have been released
from the trap. The recorded distribution is fitted to a
Maxwell-Boltzmann distribution. Using a detuning of
−10 MHz, the temperature of the compressed cloud was
about 0.4 mK. This temperature is comparable to what is
obtained using a dedicated 1083 nm optical molasses applied
to a large, dense He* cloud [13,15]. Already after 1 ms du-
ration of the 389 nm phase, the TOF distributions correspond
well to a Maxwell-Boltzmann distribution at 0.4 mK. Oper-
ating at a detuning of −3 MHz resulted in a temperature
close to 0.2 mK; however, this also reduces the transfer ef-
ficiency considerably. We compared these temperatures with
those obtained from the expansion of the cloud using absorp-
tion imaging, and agreement to within 20% was found.

The high internal energy of the metastable helium atoms
enables us to monitor the dynamics of the compression in
real time, making use of the MCP for positive-ion detection.
A typical example of the ion signal recorded during a
389 nm compression sequence is shown in Fig. 2 as a dotted
curve. As the ions are predominantly produced in light-
assisted Penning collisions, the rate of detected ions varies
with the density. When the magnetic-field gradient is ramped
up during the last 7.5 ms beforet=0 ms, the density and,
therefore, the ion signal increase. Att=0 ms, the ion detec-
tion rate is seen to fall off abruptly. As the switching to
389 nm takes places too rapidly for the density of the cloud
to respond significantly, this proves that two-body Penning
collisions in the presence of 389 nm light occur at a consid-
erably smaller rate than in the presence of 1083 nm light. An
explanation for this is given in Ref.[14], albeit that in the
present case the 389 nm red detuning is much smaller than
the 1083 nm red detuning. Still, the loss rate drops by a
factor of two when switching to 389 nm. Similarly, a jump in
the ion signal is seen when the 389 nm light is switched off
and the 1083 nm light is switched on simultaneously(inset
Fig. 2). As two-body collisions are dominating the losses in
the dense cloud, the ratio of the ion signals just before and
after the moment of switching reflects the ratio between the
loss rate coefficients for Penning ionizationb389 and b1083,
respectively. We have measuredb1083 independently, in a
similar way as in Ref.[10]. Using this value, we obtain
b389=2.9s6d310−9 cm3/s. The accuracy is set by the deter-

mination of b1083, which is limited by the accuracy of the
central density determination in the 1083 nm MOT.

The shape of the ion signal aftert=0 ms reflects the
strong compression of the cloud, resulting in a steeply in-
creasing signal. Then, when the cloud has attained its final
volume and overall losses start to govern the density, the
decay of the MOT sets in. Since the number of atoms varies
only slowly during the first 5 ms of the compression, the
peak in the signal roughly corresponds to the moment at
which the maximum density is reached. We checked that the
output of the MCP varied linearly with the detection rate
during all stages of the experiment. With the 707 nm and
389 nm fluorescence available as a real-time monitor on the
total number of trapped atoms, more information on the
compression dynamics can in principle be obtained.

The chosen parameters for the 389 nm MOT provide the
optimum combination of low temperature, high density, and
large number of trapped atoms. The low temperature and
high density suggest that the presented scheme offers an al-
ternative to the usual 1083 nm molasses phase before mag-
netic trapping. However, in a preliminary experiment it was
difficult to preserve this high phase-space density during the
transfer to our Ioffe-type magnetic trap[13], as a higher bias
field and larger gradients are nessesary to build the potential
that matches the cloud. On the other hand, the size of the
compressed cloud is much smaller than the distance to the
trap saddle points. Together with the low temperature this
ensures a high transfer efficiency(more than 90% of the
atoms for our cloverleaf trap). In addition, 389 nm compres-
sion results in a Maxwell-Boltzmann velocity distribution,
which is hard to achieve with 1083 nm molasses applied to
an optically thick He* cloud [13,15]. The phase-space den-
sity after 389 nm compression is 4.1s1.9d310−6, which is an
improvement by more than one order of magnitude as com-
pared to the best result(3310−7) obtained in our setup by
Herschbachet al., using 1083 nm molasses and a 1083 nm
MOT [13]. The uncertainty in the value of the phase-space
density originates from the uncertainty in the number of at-
oms and temperature after compression. A comparison be-
tween typical results of the two methods, both based on the
same 1083 nm MOT, is presented in Table I.

In conclusion, the experimental arrangement presented in
this paper increases the phase-space density by more than
one order of magnitude as compared to what is achieved

TABLE I. Comparison of typical results achieved using a
1083 nm MOT followed by 1083 nm molasses, and by compression
in a 389 nm MOT. The temperature after 1083 nm molasses, ob-
tained previously in the same setup, is taken from Ref.[13].

1083 nm MOT 1083 nm MOT

+ molasses +389 nm MOT

Number of atomsN 1.13109 53108

Volume Vscm3d 0.58 0.01

Central densityn0scm−3d 1.73109 531010

TemperatureTsmKd 0.4a 0.4

Phase-space density 1.4310−7 4.1310−6

aNo thermal distribution[13,15].
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using 1083 nm laser cooling only. With the aim of subse-
quent magnetic trapping and evaporative cooling toward
quantum degeneracy, this is a considerable improvement.
Moreover, the achieved low temperature makes the scheme
fully exchangeable with 1083 nm molasses. We stress that
the described compression scheme is intrinsically superior to
compression of a 1083 nm MOT done by increasing the
magnetic-field gradient or decreasing the detuning, since the
389 nm wavelength offers smaller two-body losses, a larger
cooling force, less radiation trapping, and faster manipula-
tion of the cloud. The performance of the scheme may be
further improved by ramping the detuning and magnetic field
during the 389 nm phase. In this way a large fraction of the
original cloud may be recaptured by the 389 nm MOT,

which then can be compressed and cooled down to even
smaller volumes and lower temperatures. Finally, it is inter-
esting to note that the described configuration offers possi-
bilities to investigate cold, light-assisted collisions in more
detail. The wealth of diagnostic tools opens up many ways to
monitor cold atom-atom interactions in the presence of either
1083 nm or 389 nm light, whereas the achieved high density
improves the signal-to-noise ratio. Currently, cold-collision
phenomena observed in the described setup are subject to
further investigation.
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