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Laser Cooling without Repumping: A Magneto-Optical Trap for Erbium Atoms
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We report on a novel mechanism that allows for strong laser cooling of atoms that do not have a closed
cycling transition. This mechanism is observed in a magneto-optical trap (MOT) for erbium, an atom with
a very complex energy level structure with multiple pathways for optical-pumping losses. We observe
surprisingly high trap populations of over 106 atoms and densities of over 1011 atoms cm�3, despite the
many potential loss channels. A model based on recycling of metastable and ground state atoms held in
the quadrupole magnetic field of the trap explains the high trap population, and agrees well with time-
dependent measurements of MOT fluorescence. The demonstration of trapping of a rare-earth atom such
as erbium opens a wide range of new possibilities for practical applications and fundamental studies with
cold atoms.
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The use of laser light in combination with a quadrupole
magnetic field to capture and cool atoms into a magneto-
optical trap (MOT) has become one of the most ubiquitous
tools in atomic physics over the past two decades, leading
to fundamental discoveries and practical applications in
such diverse fields as quantum degenerate gases, cold
collisions, quantum information processing, ultraprecise
frequency standards, quantum optics, and trace atom de-
tection. In forming a MOT, one of the most important and
widely agreed upon fundamental requirements is the need
for a closed, or nearly closed, optical-pumping cycle. That
is, it is assumed necessary for the atom to have an optical
transition that can be excited repeatedly without significant
loss of population via optical pumping to one or more
energy levels that do not interact with the laser. If loss
does occur, this usually must be compensated for by in-
troducing one or more auxiliary lasers that keep the atoms
scattering photons. For this reason, laser cooling and trap-
ping has been restricted to alkalis, alkaline earths, meta-
stable rare gases, and a few other atoms where repumping
has proven feasible [1]. Large sections of the periodic table
have been considered off-limits to magneto-optical trap-
ping because of the perceived ‘‘optical leak’’ problem.

In this Letter, we describe the formation of a robust
magneto-optical trap for erbium atoms with a population
of over 106 atoms and a density of over 1011 cm�3, despite
the existence of numerous optical leak channels, none of
which are repumped by auxiliary laser beams. We present
evidence for the existence of a recycling mechanism that
explains the surprisingly high trap population, and discuss
a rate equation model that describes this mechanism. Our
model agrees extremely well with trap decay measure-
ments, and allows us to extract key transition rates asso-
ciated with the various pathways in the recycling process.

In addition to uncovering a novel recycling process that
lifts the requirement for a closed optical transition, the
demonstration of a magneto-optical trap for erbium atoms
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opens a wide range of new possibilities for applications of
cold atoms. For example, a recent study [2] has shown that
erbium has several other potential laser cooling transitions
at convenient wavelengths that are completely closed to
optical-pumping leaks. These offer opportunities for ex-
tremely low laser cooling temperatures (for example, the
transition at 841 nm has a recoil limit of 81 nK) and the
creation of a two-level atomic system with a wavelength in
the technologically significant 1:3 �m region. Also, the
4f126s2�3H6� configuration of the erbium ground state with
its large orbital angular momentum and very high magnetic
moment of 7�B enables new studies in areas such as orbital
effects in ultracold collisions, and Bose-Einstein conden-
sation with dipolar gases [3]. Further extensions include
the possibility of deterministic single atom sources [4], as
well as working with other rare earths such as Dy and Ho,
which have similar atomic level structure, but different
ground state spin configurations and isotope distributions.

An energy level diagram [5] for neutral Er is shown in
Fig. 1(a), where the levels up to the laser cooling level at
24 943:272 cm�1 are plotted vs J value, and even and odd
parity are indicated by black and gray (red online) lines,
respectively. The figure shows that there are 110 levels (33
even and 77 odd), with J values ranging from 2 to 12,
located in the energy gap between the ground and excited
states of the cooling transition. In principle, all of these
levels represent potential optical-pumping dead ends.
Because of dipole optical selection rules, however, the
strongest decay channels from the laser-excited level will
be to any level with even parity and J value of 6, 7, or 8.
From the 19 such levels, further decay can occur to J � 5,
6, 7, 8, 9 odd-parity levels. This cascading can continue
until atoms are eventually stuck in a very long-lived meta-
stable state, or find their way back to the ground state.

Considering the number of possible cascade pathways,
and the fact that none of the interlevel transition probabil-
ities are known with any certainty at all, it is virtually
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FIG. 1 (color online). (a) Energy levels of erbium vs J value,
showing the laser cooling transition and the many metastable
levels. Odd parity is indicated by gray lines (red online).
(b) Schematic of the recycling model described by Eq. (1).
Atoms decay from the MOT with effective rate fexR1 to a
manifold of metastable levels. Atoms are either lost from the
metastable manifold with a rate R3, or decay to the ground state
with rate R2 to form a reservoir of atoms held by the quadrupole
magnetic field of the MOT. Reloading of the MOT occurs from
the reservoir with a rate Rload.
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impossible to calculate the cascading process and thereby
predict the degree to which optical pumping to metastable
states will affect the performance of a MOT. Based on
comparison with a few known transition rates involving
similar configuration changes in Er and other rare earths,
the best one can do is guess that most of the dipole-allowed
transitions will have rates in the 103 s�1 to 105 s�1 range
[2]. This sort of transition rate, combined with the number
of possible decay channels, suggests a very pessimistic
outlook for the formation of a MOT.

Our Er magneto-optical trap was formed with a quadru-
pole field produced by a pair of anti-Helmoltz coils and
14300
3 pairs of counter-propagating, circularly polarized laser
beams [6]. The laser light was tuned to the red of the very
strong 4f126s2�3H6� ! 4f12�3H6�6s6p�

1Po1��6; 1�7
o tran-

sition at 400.91 nm (vacuum wavelength), which has a
natural lifetime of � � 1=� � 4:5 ns [7]. The detuning
was chosen based on maximum MOT fluorescence signal,
which occurred at approximately 0:7�. We note that this
detuning is significantly smaller than the optimum found in
more conventional MOTs, and we believe this is because
optimization of the recycling mechanism discussed below
influences the overall optimum detuning. The magnetic
field gradients were typically 0:28 T=m (axial) and
0:135 T=m (radial), and the laser beams had 1=e2 diame-
ters of �5:9� 0:1� mm (axial) and �6:6� 0:1� mm (radial)
[8]. Power in the beams was variable, with a maximum
value of about 11 mW in each of the radial beams and
3.6 mW in the axial beams. An erbium atomic beam was
produced in an effusive cell with a 1 mm diameter orifice,
operating at 1350 �C, and a �� Zeeman slower [9] with a
length of about 30 cm was used to load the MOT. The
vacuum system, pumped by two ion pumps, had a pressure
of about 1:3� 10�6 Pa.

The 401 nm laser light for the MOT and the slower was
produced by a frequency-doubled single-frequency, stabi-
lized Ti:sapphire laser operating at 802 nm. The output of
the doubler was directed into a series of acousto-optic
modulators used as splitters and switches that resulted in
independently gateable MOT light and slower light, with
the slower light always tuned 525 MHz below the MOT
light. Locking of the laser frequency at a fixed detuning
relative to the atomic transition was achieved via a probe
beam crossing the atom beam near the oven [10].
Fluorescence light from the MOT was collected with a
pair of plano-convex 50 mm diameter lenses and focused
onto a Si photodiode detector, and a charge-coupled device
camera with 2:4� optics was used to obtain images of the
fluorescent cloud.

With this experimental setup, MOT populations as high
as �1:6� 0:3� � 106 atoms and atomic densities as high as
�3:4� 0:9� � 1011 cm�3 were observed. Traps containing
the isotopes 164Er, 166Er, 167Er, 168Er, and 170Er, were all
seen; the measurements discussed here were done with
168Er, which had the largest signal. The MOT population
was derived from the observed fluorescence intensity to-
gether with estimations of photon detection efficiency and
excited state fraction, and the density was obtained from
measurements of the area occupied by a CCD image of the
MOT. MOT diameters ranged from 100 to 130 �m, a size
that is relatively small and probably due at least in part to
additional magnetostatic confinement forces from the
quadrupole field. Details of the methods used to derive
the population and density are contained in Ref. [11]. The
uncertainties represent the combined uncertainties of laser
power and beam diameter measurement, detuning calibra-
tion, detection efficiency, and saturation correction factor
[12]. The density has an additional uncertainty component
arising from the assumption of a spherical, Gaussian MOT.
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FIG. 2 (color online). Typical time dependence of the MOT
fluorescence, beginning when the MOT light is turned on after
both the slower and MOT beams have been off for 0.2 s. A clear
two-component exponential decay is observed. Experimental
values are indicated by open circles, and a fit of the model of
Eq. (1) is indicated by a solid line (red online).
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We believe the explanation for why a significant MOT
population can be obtained with Er, despite the many
optical leaks, lies in the large J values of nearly all the
states of Er. As atoms in the MOT decay to metastable
states, they no longer feel the light pressure of the MOT
beams and begin to diffuse out of the MOT region. Many of
these atoms, however, have a large enough magnetic mo-
ment to be held by the quadrupole magnetic field of the
trap, so they remain in the vicinity. Eventually, a large
fraction of the metastable atoms cascade back to the
ground state, forming a reservoir that can be recycled
into the MOT. With this recycling process, the total MOT
population is governed only by the net loss rate of meta-
stable atoms from the magnetic trap, not by the sponta-
neous decay rate from the excited state. As this metastable
loss rate can be relatively slow, a large MOT population
can build up.

Because it is virtually impossible to model the full
cascade process exactly, we have chosen to construct a
model, illustrated in Fig. 1(b), that contains the essential
elements of the MOT loading, cascading, recycling and
loss processes. We consider three populations: (1) the
number of atoms in the MOT,NMOT, including both ground
and excited states; (2) the aggregate number of atoms in all
the metastable states, NMETA; and (3) the number of atoms
in the ground state that are held in the magnetic quadrupole
field reservoir outside the MOT, NRES. With these defini-
tions, we write a set of rate equations governing the time
dependence of these populations:

_NMOT � RloadNRES � fexR1NMOT;

_NMETA � fexR1NMOT � �R2 � R3�NMETA;

_NRES � �RloadNRES � R2NMETA;

(1)

where Rload is the load rate (per atom) of the MOT from the
quadrupole trap, fex is the fraction of excited state atoms in
the MOT, R1 is an effective net transition rate (per atom)
out of the excited state to all the metastable states, R2 is an
effective net transition rate (per atom) from all the meta-
stable states to the ground state, and R3 is an effective rate
(per atom) for loss from the metastable states. Equation (1)
does not include external loading from the slower, because
that is the situation in the experiments discussed below.
Also, the loss due to background gas collisions is ignored
because this rate (	0:5 s�1 or less) is much smaller than
the other rates in the model. Furthermore, we note that the
net transition rate from the MOT to the metastable levels is
proportional to the effective transition rate out of the
excited state R1 multiplied by the excited state fraction
fex, since the atoms can only make this transition if they
are in the excited state.

To test the validity of our model, and also to make a
determination of the relevant rates R1, R2, and R3, we
conducted a series of measurements of the transient be-
havior of the MOT fluorescence at 20 different values of
the power and detuning of the MOT light. In the time
14300
sequence of an experiment, the MOT was allowed to reach
steady state for a few seconds, and then both the MOT light
and the slower light were turned off for 0.2 s. This allowed
any transient loading from the slower to decay and ensured
an initial condition of NMOT � 0. Then the MOT light was
turned on and the time dependence of the fluorescence was
recorded. A typical measurement is shown in Fig. 2, where
good qualitative support for our model is visible. When the
MOT light is first turned on, the fluorescence rises rapidly
to nearly 100% of the value it had in the steady state, in-
dicating recapture of population from the reservoir. After
peaking, the fluorescence shows a clear two-component
exponential decay, consistent with a rate equation system
such as Eq. (1) with several decay components. We should
note that the time dependence seen in Fig. 2 is not con-
sistent with the sort of decay observed in MOTs with
collisional losses. An attempt to fit a collision-based model
[13] showed significantly poorer agreement with the data.

The three rates R1, R2, and R3 were extracted from the
measurements by conducting a least-squares fit of a nu-
merical solution to Eq. (1) to the measured fluorescence
data, assuming the fluorescence intensity was proportional
to NMOT. Five parameters were varied in the fitting proce-
dure: the initial reservoir population NRES�0� (which also
served as a scale factor), the product fexR1, and the three
rates R2, R3, and Rload. An example of the fitting result is
shown with a solid line in Fig. 2, where excellent agree-
ment between model and experiment is seen.

The extracted product fexR1 is plotted in Fig. 3 as a
function of MOT power and detuning. In order to isolate
the value of R1, a fit to the measured values of fexR1 was
carried out using the expected saturation behavior of fex as
a function of power and detuning [1]. Varying the detuning
by adjusting the detector position in the laser locking
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FIG. 3 (color online). Values of fexR1 extracted from the
model fit vs MOT power for five different detunings. Symbols
indicate experimental values, with uncertainties about the size of
the plotting symbols. Solid lines indicate a fit of Eq. (2) to the
data. Note that Eq. (2) was fit simultaneously to all detunings and
intensities to yield a single set of parameters R1, a1, and a2.
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scheme [10], we used the fitting function

F�PMOT; d� �
a1PMOT

2� 2a1PMOT � a2d2 R1 (2)

where PMOT is a measure of the MOT power, a1 relates
PMOT to the saturation parameter I=Isat, d is the detector
position in mm (proportional to the detuning), and a2

relates d to the detuning in units of the natural transition
rate �. The three parameters R1, a1, and a2 were allowed to
vary in the least-squares fitting process, and the curves
associated with the optimum values R1 � �1695�
43� s�1, a1 � �0:050� 0:006� mW�1, and a2 � �4:11�
0:09� mm�2 are shown in Fig. 3. We note that the values of
a1 and a2 obtained from the fit are consistent with our
knowledge of the natural linewidth [7] (and hence the
saturation intensity), and an estimate of the locker calibra-
tion factor. The excellent agreement between model and
experiment seen in Fig. 3 shows that the product fexR1

scales simply with fex, and that a single composite loss rate
R1 provides an adequate description of the transfer of
population to the metastable states. It is worth noting that
R1 is about 10 times smaller than the rough estimate
discussed in Ref. [2], but this is not too surprising given
the difficulty of estimating these transition rates. The rates
R2 and R3, which essentially did not vary from run to run
outside experimental uncertainty, were determined to be
�4:5� 0:3� s�1 and �4:4� 0:3� s�1, respectively. The un-
certainties in these values represent one-standard deviation
of the average value over all 20 runs, derived from the
random variation from run to run. The fact that these two
rates are very similar in magnitude is interesting, but
probably coincidental. The extracted load rate Rload varied
from 900 to 1900 s�1, depending on the detuning and
intensity, as expected.
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In conclusion, we have observed a robust magneto-
optical trap for the first time in an atom with extensive
potential for optical-pumping losses. We have explained
the surprisingly high atom population by invoking a recy-
cling mechanism based on magnetostatic trapping of
high-J metastable states, a simple model of which agrees
well with a series of measurements of MOT population
time dependence. The demonstration of such a magneto-
optical trap opens a range of possibilities for trapping and
cooling of rare earths, as well as other open-shell atoms in
the periodic table, greatly expanding opportunities for
practical applications and fundamental studies using
laser-cooled atoms.
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