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Beating the density limit by continuously loading a dipole trap
from millikelvin-hot magnesium atoms
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We load 105 magnesium atoms in a dipole trap from a millikelvin-hot magneto-optical trap (MOT) using a
continuous-loading scheme. Light-assisted two-body processes limit the maximum achievable density in a MOT,
resulting in a reduced transfer efficiency into a dipole trap when using the conventional sequential scheme.
It is overcome in a continuous-loading scheme where a loss channel is opened in the MOT. This allows the
accumulation of atoms in the dipole trap over the trap lifetime, determined by collisions with the background
gas. This results in a significantly higher number of trapped atoms even at a lower steady-state peak density in
the MOT.
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Confinement of neutral atoms in a trap based on the optical
dipole force has become a widespread tool for Bose-Einstein
condensation [1], condensed matter studies in lattices [2],
performance of high-resolution spectroscopy [3], and many
other studies. Compared to magnetic traps, dipole traps
provide higher trapping frequencies and the possibility to trap
nonmagnetic states. Usually, the depth of these traps is below
1 mK with trapping volumes far below those of magnetic
traps. Loading atoms into such traps requires efficient cooling
techniques and high atomic densities as starting conditions.
Continuous-loading schemes have proven useful in several
cases where these conditions cannot be met.

Here, we demonstrate a continuous-loading scheme for a
more efficient loading of magnesium atoms in a dipole trap
from a millikelvin-temperature magneto-optical trap (MOT).
Our scheme generates a continuous flux of atoms in a dark
state that is insensitive to MOT light and magnetic fields.
The dipole trap overlapped with the MOT acts like an energy
filter and continuously captures the low-energy tail of the flux.
The scheme allows loading times up to the background-gas
collision-limited trap lifetime. We compare this approach to a
stepwise-loading scheme and show that a significantly higher
number of atoms can be trapped using the former approach.
The latter is severely restricted by density-limiting processes
occurring in the MOT.

Related schemes have been applied to calcium [4] and
strontium [5]. In the case of calcium, a reservoir of atoms
in a metastable state was created to fill the dipole trap by
spatially selective depumping. The number of captured atoms
in this case is limited by the size of the reservoir. In the
case of strontium, the atoms from the MOT were drained
into a metastable dark state using two additional laser beams
overlapped with the MOT. The optimization possibilities
offered by our scheme (as discussed in later sections) are not
possible in that case since the MOT configuration of [5] cannot
be simultaneously optimized for a higher number of atoms
and efficient loading of the dipole trap. The two processes are
inherently coupled. Continuous-loading schemes have been
used to load magnetic traps as well [6–8]. The continuous
accumulation of atoms in a magnetic trap was the key to
achieving Bose-Einstein condensation in 84Sr [9,10] which
has a natural abundance of only 0.56%.

The working principle of the sequential- and continuous-
loading schemes can be understood from the 24Mg energy
levels shown in Fig. 1. In both schemes, atoms are captured in
a MOT operating on the closed singlet transition 1S0 → 1P1 (S-
MOT). A narrow-linewidth pump laser is used to transfer the
population from the singlet to the metastable (triplet) manifold
via the 1S0 → 3P1 intercombination transition. The atoms in the
3P1 state are pumped to the 3P2 state and loaded into a second
MOT operating on the closed triplet 3P2 → 3D3 transition (T-
MOT). In the stepwise scheme, the atoms in the 3P2 state
are then transferred to a dipole trap overlapped with the T-
MOT. However, in the continuous scheme, the 3P0 state is
not repumped while all the other lasers and the dipole trap
are operated continuously. Off-resonant excitation to other 3D

states results in a significant population decaying to the dark
3P0 state. In steady-state operation, this generates a constant
flux of 3P0 atoms that are captured in the dipole trap.

The experimental details of the two MOT stages are
described in [11]. In short, 3 × 109 atoms of 24Mg are loaded
from a thermal beam into the S-MOT at a temperature of
3 mK, slightly above the Doppler limit of 1.9 mK. The
light for addressing the intercombination transition is provided
by an amplified and frequency-doubled diode laser which is
stabilized to a high-finesse resonator giving a laser linewidth
below 100 Hz. Addressing the intercombination transition
while the atoms are stored in the S-MOT opens a loss channel
due to the relatively long lifetime of the 3P1 state (4.4 ms [12]).
This allows the atoms to leave the capture radius of the
S-MOT. This loss is used to measure the efficiency of excitation
into the metastable state. Despite the narrow-linewidth tran-
sition, transfer to the triplet system is possible within 10 ms.
The dependency of transfer time on laser frequency is shown
in Fig. 2. The broadening of the intercombination transition is
mainly due to the inhomogeneous magnetic field of the MOT
coils (1.3 T/m). The Doppler broadening is smaller than this
by more than a factor of 2. Once the atoms in the metastable
manifold are pumped to the 3P2 state, they are captured in
the T-MOT. Due to off-resonant excitations to other 3D states,
two repumpers on the 3P1 → 3D2 and 3P0 → 3D1 transitions
are needed to pump atoms back into the cooling cycle (see
Fig. 1). Both repumpers are used for T-MOT operation and
stepwise loading, whereas only the 3P1 → 3D2 repumper is
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FIG. 1. Partial energy diagram of 24Mg with the transitions
relevant for the operation of a dual MOT in our experiment. (Dashed)
arrows indicate transitions driven by (repump) lasers. The S-MOT
operates on the singlet (1S0 → 1P1) transition while the T-MOT
operates on the triplet (3P2 → 3D3) transition. The (1S0 → 3P1)
transition is used to transfer atoms to the triplet manifold.

applied for continuous dipole trap loading. The light to address
these three transitions is generated by three amplified and
frequency-doubled diode lasers at 766 nm.

The number of atoms loaded into the dipole trap is
strongly influenced by the properties of the T-MOT. Hence, we
study the T-MOT with respect to lifetime, number of atoms,
and temperature by first loading the S-MOT followed by a
30 ms transfer to the triplet manifold via the intercombination
transition. After the transfer, the atoms are captured in the
T-MOT. The S-MOT and the T-MOT both use the same mag-
netic quadrupole field of 1.3 T/m in the strong direction. The

FIG. 2. Transfer time τAT for atoms in the S-MOT to be
transferred to the triplet system via the 1S0 → 3P1 intercombination
transition in a sequential manner. The loss of atoms from the S-MOT
is used to measure the transferred population. The transfer laser
intensity is 3.9 kW/m2. The absolute frequency is measured with
a high-precision wave meter.

FIG. 3. (Color online) Evolution of the number of atoms in
the T-MOT. The fast decay for short times is attributed to binary
collisions, whereas the exponential decay for longer times (with a
time constant of 0.9 s) is due to insufficient repumping of the 3P1

state. In comparison, the background-gas collision-limited lifetime
(observed for the dipole trap) is 5 s. The (red) curve is a theoretical fit
of a two-body loss equation to the experimental data using the model
in [13]. The fluorescence of the T-MOT is detected by a CCD camera.
Inset: T-MOT decay with the repumper for the 3P0 state switched off.
The decay has a time constant of 30 ms.

T-MOT is imaged onto a CCD camera to measure the number
of atoms and atomic cloud size. Figure 3 shows the number
of atoms in the T-MOT as a function of time. In this case,
the saturation parameter for the cooling transition is 0.1, the
detuning is one natural linewidth and the spatial extension of
the T-MOT is independent of the number of atoms (hence the
MOT is not in the density-limited regime). The data show
strong losses for short times (large numbers of atoms) due to
inelastic binary collisions between trapped atoms. The decay
of the number of atoms can be analyzed in a straightforward
analytical way as is done in [13]. The (red) line in Fig. 3 is
a theoretical fit of the rate equation including the two-body
collisional loss rate. For longer holding times, the number of
atoms in the T-MOT decays exponentially with a time constant
of 0.9 s. This is much faster than the S-MOT decay and occurs
due to insufficient repumping, followed by subsequent decay
of the 3P1 state. For a smaller detuning of the cooling laser (half
a linewidth), a density limitation due to photon reabsorption
can be observed for 108 atoms in the T-MOT.

The T-MOT cooling transition has a linewidth of 25.6 MHz
and thus shows a lower Doppler limit than the S-MOT. At a
detuning of half a linewidth, the T-MOT has a temperature of
TMOT = 1 mK and a root mean square size of σMOT = 280 μm,
which are both smaller than those for the S-MOT which are
3 mK and 600 μm, respectively. For larger detuning of the
cooling light, the cloud size increases. The atoms from the
T-MOT are loaded into a dipole trap created by a 1064 nm
laser beam. The light for the dipole trap is provided by a fiber
laser with an output power of 50 W and is focused to a 1/e2

radius of w0 = 53 μm at the position of the atoms. The trap
has a maximum depth of U0/kB = 260 μK for the 3P0 and 3P2
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states and a trap frequency of 1.8 kHz in the radial direction
(measured using the release-recapture method [14]).

We investigate a continuous-loading scheme for the dipole
trap and compare it to a conventional stepwise one. In the
stepwise scheme, atoms are first loaded into the T-MOT as
described above. The dipole trap is then switched on, followed
by switching off the T-MOT. The temporal overlap of the two
traps, in principle, has an effect on the number of captured
atoms [15]; however, we operate in the shallow-trap regime
[q = U0/(kBTMOT) = 0.25] where it can be neglected. In this
scheme, the atoms captured in the dipole trap are in the 3P2

state.
In the continuous loading scheme, the dipole trap, S-MOT,

T-MOT, and transfer laser are all operated simultaneously,
while the repump laser addressing the 3P0 state remains off
at all times. This results in a flux of 3P0 atoms, of which the
low-energy ones are captured continuously in the dipole trap.
The large fine-structure splitting of the 3P states prevents the
captured 3P0 atoms from being excited by the T-MOT light. In
this scheme, the atoms in the dipole trap are in the 3P0 state.

The loading curves for both schemes are shown in Fig. 4.
The loading time for the stepwise scheme is given by the
S-MOT loading time. For short times, the two curves are
identical, implying a similar loading rate. Continuous loading
saturates at about 5 s, which is also the lifetime of the dipole
trap. In the stepwise scheme, the number of atoms saturates
much earlier at a lower level due to density limitation. In
this case, the density is limited due to photon reabsorption.
The continuous-loading scheme results in about a factor of 5
higher number of atoms in the dipole trap compared to the
stepwise scheme.

The reason for this enhancement can be understood qual-
itatively using the following model. The sequential scheme

FIG. 4. (Color online) Loading the dipole trap using stepwise (red
line with squares) and continuous (blue line with circles) schemes.
The loading time for the stepwise scheme is the S-MOT loading
time followed by transfer to the metastable state and T-MOT cooling,
which takes a total of 50 ms. The inset shows the loading curve of the
dipole trap using the continuous scheme for an increased incoming
atomic flux and higher T-MOT cooling light intensity.

results in the transfer of a small number of atoms into the
dipole trap and is limited by two main effects. First, within
the overlap region, only those atoms are trapped whose kinetic
energy is smaller than the dipole trap depth during T-MOT
turnoff. Second, atoms outside the dipole trap volume are lost
and since the T-MOT volume is larger than that of the dipole
trap, the density of atoms in the overlap region can be assumed
to be homogeneous. In this case, the number of atoms NS

transferred to the dipole trap can be expressed as

NS = n0VDT. (1)

Here, n0 is the peak density of atoms in the 3P2 state in
the T-MOT and VDT is the effective volume of the dipole
trap. The trapped number of atoms can also be calculated by
integrating the phase-space density distribution in the presence
of the dipole trap over regions where the kinetic energy is
smaller than the trapping potential. O’Hara et al. [15] derived
an expression for the number of captured atoms from which
the effective volume in the case of a shallow trap (q < 1) can
be described as

VDT = π3/2w2
0Rq2

∫ 1

0
v(− ln v) exp(−qv)dv. (2)

Here, w0 is the waist of the dipole trap and R is the radius of
the MOT. For given dipole trap parameters, a higher number
of atoms can be captured by increasing n0 until the density-
limited regime is reached.

In the continuous-loading scheme, the lack of the repumper
for the 3P0 state introduces a dominant loss channel and reduces
the lifetime τ of the T-MOT (see Fig. 3). This reduced lifetime
is used to calculate the flux of atoms in the 3P0 state and is
equal to n0/τ . Here we take into account that the T-MOT
lifetime without the 3P0 repumper (30 ms) is much smaller
than that in its presence (0.9 s). Our model also assumes that
the loading rate of the T-MOT is high enough to ensure that it
remains density limited with the same peak density even in the
presence of the loss channel (this regime is not reached in the
experiment and is discussed below). Furthermore, our model
supposes that the phase-space distribution of the 3P0 atoms
immediately after production is identical to that of the 3P2

atoms. Hence, the loading rate into the dipole trap is given by

LC = n0

τ
VDT. (3)

If the dipole trap has a lifetime of tDT then the maximum
number of captured atoms NC is

NC = LCtDT. (4)

The enhancement factor for the number of captured atoms by
the continuous loading scheme is then given by

NC

NS

= tDT

τ
. (5)

For typical experimental parameters, the T-MOT lifetime
τ without the 3P0 repumper is 30 ms (inset of Fig. 3). This is
also verified by calculations using the branching ratios for the
transitions, and tDT = 5 s, limited by collisions with the back-
ground gas. This gives a potential enhancement factor of 165.

In the experiment, the density limit is easily reached for
the stepwise scheme. However, reaching the density limit
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for the continuous scheme requires a much higher flux of
incoming atoms which actually could not be achieved. Hence,
the observed enhancement of 5 is much smaller than the
calculated value of 165.

The continuous-loading scheme offered further possibilities
for optimization which were not applicable to the stepwise
scheme. The flux of incoming atoms was increased by more
than one order of magnitude by raising the temperature of the
oven by 40 K to 733 K. This resulted in a reduced dipole trap
lifetime due to a higher pressure of the background gas but in
a gain in the overall number of captured atoms. Even under
these conditions, the T-MOT without the 3P0 repumper was not
density limited. A further enhancement in the flux is possible
by implementing a Zeeman slower. The transfer of atoms from
the T-MOT to the dipole trap is strongly affected by the spatial
overlap of the two traps. A better mode matching was achieved
by reducing the T-MOT beam waist by a factor of 3, which
resulted in ten times higher intensity and reduced the T-MOT
diameter by about a factor of 4 to σMOT = 70 μm. Overall,
we could increase the dipole trap loading rate by two orders
of magnitude and capture 105 atoms in the dipole trap. The
loading curve after these optimizations is shown in the inset of
Fig. 4. The dipole trap depth determines the temperature and
number of trapped atoms. For the full trap depth of 260 μK, we
observe a temperature of 100 μK by time-of-flight expansion.
As shown in Fig. 5, a lower trap depth results in atomic
ensembles at lower temperatures but also in a reduced number
of captured atoms. The dipole trap waist was 72 μm for this
data set. For a small number of atoms the measurement of
temperature by the time-of-flight method has a large error due
to a poor signal-to-noise ratio. In these cases, the temperature
is measured more reliably by first pumping the atoms to the
1S0 state and then exciting them to the 3P1 state via the narrow
intercombination transition. For the pumping process, atoms
are excited from 3P0 to 3D1, followed by spontaneous decay
first to the 3P1 and then to the 1S0 state. The excited atoms
are captured in the T-MOT and their fluorescence is used
to determine the number of atoms in the excited state. The
excited fraction is measured for different detunings of the
1S0 → 3P1 laser. The width of the distribution is attributed
to Doppler broadening from which the temperature of the
ensemble is deduced. The flexibility to produce ensembles

FIG. 5. (Color online) Temperature (black squares) and number
(red circles) of atoms captured in the dipole trap for different trap
depths. The dipole trap waist was 72 μm. Temperatures as low
as 5 μK were observed.

of different temperatures is especially useful in experiments
where lower temperatures are more important than a higher
number of atoms as in the case of neutral atom optical clocks
which are currently not limited by signal-to-noise ratio. At
lower trap depths, we were able to capture 5000 atoms at a
temperature of 5 μK.

In summary, we have demonstrated continuous loading
of a dipole trap for magnesium atoms from a millikelvin
MOT. The method allows us to capture a significantly higher
number of atoms from an otherwise density-limited atomic
sample. Magnesium is a promising candidate for a neutral
atom optical frequency standard with calculations predicting
very low uncertainties due to room-temperature blackbody
radiation [16]. The low-temperature regime for loading will
serve as a starting point for a magnesium optical clock and for
achieving quantum degeneracy.
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