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Abstract. We have investigated the influence of narrow-line laser cooling on the loading of Ca atoms into
optical dipole traps. To describe the narrow-line cooling of alkaline-earth atoms in combination with optical
dipole trapping, we have developed a model that takes into account the light shifts of the cooling transition
in three dimensions. The model is compared with two experimental realizations of optical dipole traps for

calcium at the wavelengths 514 nm and 10.6 pm.

PACS. 32.80.Pj Optical cooling of atoms; trapping — 32.60.4+1 Zeeman and Stark effects — 32.80.Lg Me-

chanical effects of light on atoms, molecules, and ions

1 Introduction

Optical dipole traps and optical lattices have become in-
dispensable tools for applications such as Bose-Einstein
condensation (BEC) [1-3], optical clocks [4], single atom
manipulation [5], quantum information processing [6,7],
and photoassociation spectroscopy [8], to name only a few.
For most of these applications it is mandatory to transfer
laser-cooled atoms with high efficiency into a dipole trap.

For alkaline elements efficient sub-Doppler laser cool-
ing techniques can be employed that in general also work
under the conditions of an optical dipole trap. Thus the
dipole trap can be combined with a magneto optical trap
(MOT) which leads to a good transfer of atoms from
the MOT to the dipole trap with efficiencies in the or-
der of 40% [9].

Atoms with a single nondegenerate ground state 'Sy
and with no nuclear spin like the most abundant isotopes
of Mg, Ca, Sr or Yb cannot be cooled by the usual sub-
Doppler techniques mentioned above. On the other hand,
these atoms exhibit almost forbidden transitions making
them especially interesting as optical frequency standards,
for atom interferometry, cold collisions studies or for pos-
sible creation of a BEC by all optical means. Doppler cool-
ing on these forbidden transitions [10], eventually using an
additional quench laser beam to increase the scattering
force [11,12], can also lead to temperatures in the range
of a few pK and below [13-15].

To acquire a better understanding of the cooling pro-
cess and the loading mechanisms for these species in con-
junction with an optical dipole trap we developed a model
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for narrow-line cooling in an optical dipole trap. From
the model a completely different behavior is predicted,
whether the narrow-line cooling transition is shifted to the
blue or to the red by the ac-Stark effect, depending on the
wavelength of the trapping laser. This is different from the
alkaline elements, where the ground and excited state are
always shifted in opposite directions, thus in an attrac-
tive potential for ground state atoms, the broad cooling
transition becomes shifted to the blue. We have experi-
mentally investigated these predictions with two kinds of
dipole traps and narrow-line cooled Ca atoms. In the first
one, a 514 nm Ar™ laser with 8.6 W power is used to cre-
ate an optical trap with a depth of about 50 pK. In the
second kind, a COq laser emitting 80 W at 10.6 pm is
used to create a similar potential depth. These two cases
correspond to the blue and red shifted case as mentioned
above. We observed an increase in the trapping efficiency
with increasing temporal overlap between the narrow-line
MOT and the 514 nm trap. In the second case with the
COg trap, atoms could only be trapped when there was no
temporal overlap between the MOT and the dipole trap.

After a brief overview of the cooling and trapping
scheme used in our experiment in Section 2, we will de-
scribe the basics of optical dipole trapping and the model
for laser cooling in a dipole trap in Section 3. Then, in
Section 4 we will present the experimental setup and the
results for trapping of ultracold Ca atoms in both kinds
of optical dipole traps.

2 Narrow-line cooling

Narrow-line cooling differs from usual Doppler cooling
on strongly allowed transitions by the fact, that the
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Fig. 1. Energy levels and optical transitions involved in laser
cooling of calcium. Transition wavelengths and corresponding
Einstein A-factors are shown.

linewidth I' of the cooling transition is smaller than the
change in the Doppler shift induced by a single photon
recoil, i.e. I' < hk?/M, where M is the atomic mass and k
the wave vector of the exciting light. Thus, a single spon-
taneous photon can make a significant difference in the
Doppler-shift and in the absorption rate. In the case of a
monochromatic excitation, a single spontaneous emission
can bring an atom out of resonance. Therefore, individual
absorption and emission events have to be taken into ac-
count and usually a multichromatic excitation spectrum
is used to access a broad velocity distribution, where the
upper edge of this frequency spectrum is detuned about
one linewidth below the atomic resonance. In this case,
calculations predict a minimum temperature well below
the recoil limit [10].

This cooling scheme yields a maximum force Fia.x =
hkI'/2. For very narrow lines, e.g. the calcium intercom-
bination line 'Sy—3P; with I" = 2300 s~ ! the force Fiax
is only 1.5 times the gravitational force. To increase the
force the lifetime of the upper level can be reduced by ex-
citing the transition to the 4s4d Dy state (A = 453 nm),
Figure 1. From this state atoms decay rapidly via the
4s4p Py level to the ground state [16]. Solving the opti-
cal Bloch equations of this system leads to an effective two
level system with an effective linewidth of I.g = I" + 712
where 715 is the quenching rate [11]. Hence, artificially re-
ducing the lifetime (quenching) of the upper level of the
narrow transition by exciting a third level, which quickly
decays to the ground state, makes narrow-line cooling pos-
sible on a wide range of linewidths.

In difference to usual sub-Doppler mechanisms that
rely on slow, velocity dependent evolutions of coherences
in the ground states [17,18], narrow-line cooling relies on
the Doppler shift of an optical transition. Thus it is very
sensitive to level shifts, which can have severe implications
when this scheme is employed inside an optical dipole trap.
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3 Optical dipole traps

One very simple way to trap neutral atoms is the use of
a strongly focused Gaussian laser beam [19,20] where the
electrical field E of the laser beam induces a dipole mo-
ment P in the atom. The interaction of this dipole mo-
ment with the external field gives rise to the potential
U = —%(P - E) where the brackets denote a temporal
average. For a laser beam with an amplitude of the elec-
tric field E(r), a frequency v = w/2xw and a polariza-
tion p interacting with the Zeeman sub-level m; of an
atomic state i, the potential due to the ac-Stark shift
U;(w,p,m;, ) can be calculated in second-order pertur-
bation theory [21]. The shift U; can be written as a func-
tion of the product of the intensity I and the normalized
ac-Stark level shift x (Fig. 2)

Ui(w7pam’i7T) = hﬁi(w7pam’i)1(lr) (1)
where the normalized ac-Stark shift can be calculated as
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with the sum taken over all states k coupled to the state
of interest ¢ by transitions with Einstein coefficients Ag;
and frequencies w;;, [22]. J; and Jj, are the total angular
momenta of the states ¢ and k, and the expression in the
large brackets denotes a 3.J-symbol [23].

Close to the potential minimum U (0) = —Uj the trap-
ping potential of a focused Gaussian beam can be approx-
imated by a harmonic potential
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w3 /. In this case the frequencies of the radial and the
axial harmonic motion of an atom with mass M are
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3.1 Cooling in an optical dipole trap

U(r,z) ~ =Uy

respectively.

To reach high phase-space densities in an optical dipole
trap, atoms from the MOT have to be transferred to the
dipole trap with high efficiency. Once there is a sufficient
number of atoms accumulated in the trap, several ways are
available for further increase of phase space density like
sideband cooling [24] in an optical lattice or evaporative
cooling [25,26].

The optimum size of the dipole trap for best transfer
at a given available power is discussed in detail in [27] and
references therein. It turns out that for a trap depth big-
ger than four times the thermal energy of the laser-cooled
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atoms, the number of trapped atoms becomes nearly inde-
pendent of the trap depth. Thus the acceptable size of the
trapping laser beam of the dipole trap at a given atomic
temperature is determined by the available optical power,
and then in most dipole traps, the size of the trapping
region is smaller than the initial size of the MOT. As the
trap is conservative, without any additional dissipation
mechanisms or thermalizing collisions, atoms that cross
the dipole trap will not become trapped, but immediately
leave the trapping potential. This limits the number of
trapped atoms to those atoms that were already present
at the position of the dipole trap when it was turned on,
and that had sufficiently small kinetic energy to remain
trapped, i.e. the fraction is determined from the overlap
of the initial phase space volume with the phase space vol-
ume that is trapped in the dipole trap [28]. Thus, to effi-
ciently transfer atoms from the MOT to the dipole trap,
a dissipation mechanism is required that is usually pro-
vided through laser cooling by the MOT beams. Then
during the simultaneous operation of the MOT and the
dipole trap, the number of atoms captured in the dipole
trap will increase with time, until other loss mechanisms
prevail.

As example we consider the case of the Art laser trap
for calcium with a beam waist of wg = 100 pym and po-
tential depth Uy = 45 puK x kp oriented along z that is
superimposed to a MOT with rms radius o; ~ 400 pm
(i = x,y,z) and sample temperature T = 16 pK (rms ve-
locity of vyms = 10 cm/s). The potential of the dipole trap
is 2.8 times deeper than the kinetic energy and atoms up
to a radius of reg ~ 0.56 wq from the center have an aver-
age kinetic energy (3/2) kgT less than the local potential
depth. The corresponding cross section of the dipole trap
Agip & mr2g is approximately 100 times smaller than the
cross section of the MOT Amor ~ 2moy0. and the frac-
tion of atoms that are trapped initially without further
laser cooling amounts to less than 1%. For atoms in the
surrounding MOT, it takes about 10 ms to make a round
trip in the MOT. From the ratio of the cross sections, on
about every 100th round trip, i.e. on average after 1 s, the
atom passes through the dipole trap within a transit time
of about 2wg/vyms = 2 ms. Thus, to load the dipole trap
with these atoms, the cooling mechanism must remove the
kinetic energy and decelerate the atom during this short
transit time. It is therefore essential that the narrow-line
cooling inside the dipole trap works as efficiently as in free
space [29]. If this is the case in our present example, Ca
atoms would absorb during the transit time through the
dipole trap around 20 photons of the 657 nm radiation,
which grants a sufficient cooling to trap the atoms in the
dipole trap.

However, as narrow-line cooling critically depends on
the detuning between the cooling laser and the atomic
transition, the influence by the ac-Stark shift on the wave-
length needs to be considered. Figure 2 shows the normal-
ized level shifts k(\) as a function of the wavelength A.
There are wavelengths where the ac-Stark shift of the
ground state is equal to the ac-Stark shift of one of the
Zeeman sublevels of the excited state. Dipole trapping at
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Fig. 2. (Color online) The ac-Stark shift for different polar-
izations of the trapping laser with intensity of 1 W/cm? as a
function of its wavelength A for the calcium 1S, ground state
and all sublevels of the 2Py state. The magic wavelengths are
indicated by the two circles. The vertical lines are due to poles
in the polarizability from the transition 4s4p 3P, — 4s4d 3D172
at 1.9 pm and 4s4p 3P, — 4s5s 331 at 612 nm.

A (um)

these so-called “magic wavelengths” could permit to trap
the atoms and manipulate them like if they were in free
space [13]. An alternative way to overcome this situation
was presented in [30] by engineering the light-shift using
an auxiliary laser field.

One zero-crossing for the mg = 0 — mp = £1 tran-
sition and m-polarized dipole laser or mg = 0 — mp = 0
transition and o*-polarized dipole laser lies at 800.8 nm.
A second zero-crossing for the mg = 0 — mp = F1 transi-
tion and o*-polarized dipole laser is at 983 nm [21].

When the optical dipole trap is superimposed to a
MOT, however, because of the spatially varying magnetic
fields and the 3D laser configuration the magic wavelength
cannot be realized everywhere in the dipole trap and for all
cooling laser beams. We therefore have simulated quench-
cooling in a dipole trap, taking into account the light shifts
of the cooling transition due to the dipole laser and the
magnetic field of the MOT. A rate equation model for
quench cooling in free space and in a MOT [31] was mod-
ified to include the level shifts in the optical dipole trap.
The effect of the light field of the dipole laser on the ener-
gies of the individual sublevels of the 3P; and the ' Dy level
is described according to equation (2) using a decompo-
sition into scalar, vectorial, and tensorial parts. For the
simultaneous action of the magnetic and the electric field,
the full Hamiltonian is diagonalized at each point in the
trap to give the total shift of the individual Zeeman levels
(Fig. 3).

Depending on the relative shift between the ground
state and the excited states we can distinguish two limit-
ing cases. In case (a), that is realized with an Ar™ trap, the
light shifts of all excited states are smaller than the shift
of the ground state (Fig. 3a). Outside the dipole trap, the
spectrum of the cooling laser is detuned below the atomic
resonance. Because of the differential light shifts, inside
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Fig. 3. (Color online) The ac-Stark shifts as a function of
the radial distance r to the center of the dipole trap without
additional magnetic fields. On the top for case (a), e.g. for an
Ar* laser trap (A = 514 nm) and on the bottom for case (b),
e.g. a CO2 laser trap (A = 10.6 um). The broadened spectrum
of the cooling laser is indicated by the band.

the trap the spectrum remains red detuned. Thus, cooling
forces, i.e. velocity dependent, dissipating light forces are
still present even at the center of the dipole trap. As in-
side the trap the detuning is increased, we expect a slight
decrease of the cooling efficiency.

In the second case (b) opposite to (a), the light shift
of the excited states is larger than the one of the ground
state. Experimentally this case is realized e.g. in a CO,
trap (A = 10.6 pm). In this case the spectrum of the cool-
ing laser, that is detuned below the atomic resonance out-
side the trap is shifted into resonance when the atom en-
ters the dipole trap (Fig. 3b). Thus the absorption rate no
longer depends on the atomic velocity and no damping of
the atomic motion can occur. Instead, the increased reso-
nant scattering on the narrow line and on the quench tran-
sition leads to heating due to the random photon recoil.

The effect of the differential light shift on the narrow-
line cooling can be seen more quantitatively in the light
forces and diffusion rates due to the absorption of the
narrow-line cooling laser and the quench laser. First the
level shift and the atomic eigenstates of the 'Sy ground
state, the intermediate 3Py state of the cooling process,
and the 'Dy quench state (Fig. 1) due to the com-
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Fig. 4. (Color online) Narrow-line cooling force F, and diffu-
sion rate D in units of 657 nm photon momenta prec = hkcool
per second for atoms at rest as a function of the radial atomic
position (along the y-axis) inside the 514 nm Ar™ laser trap.
The dipole trap beam is oriented along the x axis and polarized
along the z-direction with power P = 8 W and waist radius
wp = 110 pm. The insert shows a zoom of the central part of
the force curve.

bined electric field of the dipole trap and the magnetic
quadrupole field of the MOT are calculated. For simplicity
we have neglected the ac-Stark shift of the quench tran-
sition but still considered its influence on the absorption
probability for the different polarizations of the 6 quench
laser beams. With the resulting eigenstates the excitation
rates from each cooling and quenching beam according to
its polarization and detuning are calculated. From these
rates the steady-state absorption rates and position and
velocity dependent average light forces were calculated.
The heating rate

(dE/dt)peat = N kyo1Reool/m + B2 k2R /m = D/m (5)

and the momentum diffusion constant D due to sponta-
neous emission [32] are calculated from the rates R0 for
emission from the *P; state and R for emission from the
Dy state after the quenching.

In the simulation a power of 4.7 mW in a beam radius
Wiaser = 2.4 mm for each of the horizontal 657 nm cooling
laser beams and 8.7 mW in a beam radius wiager = 2.4 mm
for the vertical beams was used. The 657 nm laser is as-
sumed to have a rectangular spectrum with width 1.4 MHz
and the upper edge detuned by 140 kHz below the atomic
line. For each of the 6 quench laser beams a power of
70 mW in a beam radius of 4.6 mW was used. These laser
fields (6 cooling beams, 6 quenching beams, and the dipole
trap laser beam) and their polarizations were described in
close agreement with the values of the real experiment.

Figures 4 and 5 show the profiles of the narrow-line
cooling force F,, for atoms at rest in a direction perpen-
dicular to the axis of the Art laser dipole trap and the
COg; laser trap respectively. For distances » > 0.3 mm,
larger than the radii of the dipole traps, the force acts
toward the trap center. The dependence on the radial di-
rection is due to the spectrum of the cooling beam and the
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Fig. 5. (Color online) Narrow-line cooling force F, and diffu-
sion rate D in units of 657 nm photon momenta prec = fikcool
per second for atoms at rest as a function of the radial atomic
position (along the y-axis) inside the 10.6 um COz laser trap.
The dipole trap beam is propagating along the z-axis and po-
larized along the z-direction with power P = 80 W and waist
radius wo = 220 pm.

effective linewidth of the cooling transition. At a radius of
r ~ 1 mm the blue edge of the rectangular cooling laser
spectrum is shifted into resonance by the magnetic field.

In both cases the dipole trap strongly modifies the spa-
tial dependency of the force, as inside the dipole trap the
quantization axis is determined by the dipole laser field
and no longer by the magnetic quadrupole field of the
MOT. Thus the spatially restoring force of the MOT is
no longer present inside the dipole trap, but is replaced
by the much stronger dipole forces that are not shown in
both figures. The main difference between both cases is
in the diffusion constant D i.e. the rate of spontaneous
emission: in the Art trap the coefficient is close to zero
inside the trap, while in the CO4 trap significant diffusion
is present inside the dipole trap that is not compensated
by a restoring force (in momentum space as well).

4 Experimental results

Experimentally the two cases of narrow line cooling in an
optical dipole trap discussed in Section 3.1 were studied
at two wavelengths detuned far away from any atomic
resonances. Case (a) was studied with a 514 nm Ar™ laser
trap and case (b) with a 10.6 ym COx laser trap. The two
experimental realizations were performed in two slightly
different vacuum chambers but using the same two-stage
cooling method to prepare the initial sample of ultracold
atoms.

4.1 Preparation of the ultra-cold sample

In a first cooling stage atoms were captured from an
atomic beam and cooled to millikelvin temperatures by
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use of a standard MOT based on the broad 423 nm tran-
sition (Fig. 1). For the first stage cooling about 500 mW of
423 nm light from a frequency-doubled Ti:sapphire laser
was used. A small loss channel due to small fraction of ex-
cited atoms on the cooling transition decaying to an inter-
mediate long lived state 'Ds was closed by use of a repump
laser at 672 nm (Fig. 1). In the case of the Ar™ laser dipole
trap the MOT was loaded directly from the low-velocity
part of a thermal atomic beam. Later in the CO; trap a
Zeeman slower was used to increase the number of atoms
in the thermal beam with velocities slower than 30 m/s
that can be trapped by the 423 nm MOT. As the ground
state is non-degenerate, the lowest temperature that can
be achieved on this transition is about a factor of 3 above
the Doppler limit Tp = hI'/2kp = 800 uK.

In the second cooling stage the narrow transition
1Sy—3P; was used for Doppler cooling. To increase the
scattering rate, the lifetime in the excited state was re-
duced by optical pumping to the D, state by an ad-
ditional 453 nm laser. With the available power in the
quench laser beam an effective linewidth I.¢ = 27 x5 kHz
was obtained, which is smaller than the recoil shift §;ec =
27 x 11.6 kHz. To avoid a loss of atoms due to the ran-
dom recoil and to increase the capture range the ex-
citation spectrum of the red light was broadened by a
sinusoidal frequency modulation (peak-to-peak amplitude
dfpp = 1.4 MHz, modulation frequency fmoa = 15 kHz)
using an acousto-optic modulator. The high-frequency
edge of this frequency comb was detuned below resonance
by A = 27 x 120 kHz.

In the experiment with the Ar™ dipole trap, from an
initial number of 3x 107 atoms at 2 mK that were loaded
in 300 ms during the first cooling stage, up to 35% were
transferred to the microkelvin ensemble. After 20 ms of
second stage cooling atoms reached temperatures below
10 pK in a cloud of rms-radius of o, ~ o, ~ 0.35 mm and
0, ~ 0.24 mm.

During the CO; laser trap experiment after a cooling
time of 800 ms in the 423 nm MOT we obtained ~ 2.5 x
10® atoms at 2 mK and following 40 ms of cooling in the
657 nm MOT about 4 x 107 atoms were obtained at a
temperature of T' ~ 12 uK.

4.2 Art laser optical trap

An optical dipole trap corresponding to case (a) of Sec-
tion 3.1, where the cooling transition stays red detuned
from the cooling laser inside the dipole trap was realized
by an 514 nm Art laser. The laser beam with maximum
power P = 8.6 W was focused to a waist wyg = 110 pm
to create a trap of depth of up to Uy ~ 50 uK x kg.
The number of atoms was determined from absorption im-
ages of the atoms which were obtained by illuminating the
trap during 50 us with a collimated, expanded laser beam
tuned to the 'Sy—!P; transition at 423 nm and imaging
the shadow onto a CCD camera (see Fig. 6).

In the Art trap, the ac-Stark shifts induced by the
514 nm radiation on the ground state and on the ex-
cited states are roughly comparable. The net shift of the
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Fig. 6. Absorption images of the calcium atoms for different
times T after turning off the MOT, showing atoms trapped
in the Ar™ laser beam and the expanding cloud of untrapped
atoms falling down under the influence of gravity. The size of
each image is 7 mm X 5.5 mm.

15F T T T T T T T T T T ]

Ny Ny (%)

0 100 200 300

4 (ms)

400

Fig. 7. (Color online) Transfer efficiency Naip(tq)/Nmor(0)
of Ca atoms from the MOT to the Ar™ laser trap as func-
tion of the temporal overlap t; between MOT and dipole trap
for different powers of the dipole beam. The curves show fits
according to equation (11).

657 nm cooling transition 15,—3P; that is induced by the
o-polarized 514 nm dipole trap laser beam [21] between
+200 kHz and 4500 kHz was measured. Thus the cooling
laser spectrum remains red detuned from the atomic reso-
nance for all Zeeman components of the cooling transition.
Therefore, in agreement with the results of Section 3, when
the second stage cooling and the Art laser trap were over-
lapped in time we observed an increase of atoms trapped
in the dipole trap for increasing overlap time ¢ (Fig. 7).
For times tq > 100 ms the loss due to collisions with
hot atoms from the background gas and from the ther-
mal atomic beam again reduces the number of trapped
atoms. A similar lifetime was obtained for the number of
atoms in the surrounding MOT. At maximum about 2%
of the atoms could be transferred from the 657 nm MOT
to the dipole trap.

We modeled the transfer from the MOT to the dipole
trap with the differential equation [9]:

d 1 1
= Naip(t) = ——— Naip(t
3 Vain(t) = aip(t) +

Nmor(t)  (6)

Tload

where 74ip is the lifetime of the dipole trap and Tioaq the
time constant of the loading to the dipole trap. Here any
loss of trapped atoms back to the MOT is neglected. For
the MOT we assume that the loss due to loading in the
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Fig. 8. (Color online) Comparison of the measured loading
rates (circles, left scale) and the results of a Monte-Carlo sim-
ulation (triangles, right scale).

dipole trap is negligible, so the number of atoms is:
Nyor(t) = Nyor(0)e /™ot (7)

where myor is the lifetime of the MOT. Substituting equa-
tion (7) in equation (6) and integrating gives:

Ndlp(t) 7t/ di t/ load
— T ip TTloa C _ 1 8
Moo (0) re (e +Co ) (8)
ith
W o TMOT Tdip
r= (9)
Tload (TMOT - 7—dip)
and )
Naip (0
Cy=—2—F_, 10
0 ’I“NMQT(O) ( )

If the lifetimes of the MOT 7ot and of the dipole
trap 7qip are both limited by the same physical processes
and if no extra-heating occurs during the loading of the
dipole trap we can assume TvioT = Tdip Which we also have
verified experimentally. Then we obtain for the transfer
efficiency:

Ndip(t) et/‘rd;p< t
NMOT(O) Tload

).

Nuor(0)

where Ngip(t) denotes the number of atoms trapped in
the dipole trap, NyoT(0) the number of atoms trapped
in the 657 nm MOT, and Ngip(0) the number of atoms
in the dipole trap at the time t = 0 when the dipole trap
is superimposed to the MOT. As shown in Figure 7 this
model is in good agreement with the experimental results.
The loading time constants 7aq range from 7oaq = 4.4 s
at a dipole laser power of P = 8.6 W t0 Tjoaq = 7.7 s at
P=46W.

The loading time constants Tj,.q that have been fitted
to the data of Figure 7 are shown in Figure 8 in comparison
with the results of a Monte-Carlo simulation of the load-
ing. We find a good qualitative agreement, however the
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Fig. 9. (Color online) Number of a atoms trapped in the Ar*
laser trap as a function of trapping time.

simulation predicts rates, that are about a factor 50 big-
ger than the ones observed. We attribute this large differ-
ence to imperfections in the experimental setup compared
to the idealized simulation. E.g. the simulation leads to a
lower temperature and smaller trap size compared to the
experiment and both parameters are drastically changing
the loading rate. Experimentally we also observe indica-
tions of a density limited MO'T size, which we attribute to
two-body effects that are not included in the simulation
and could be responsible for the differences.

To determine the lifetime of the dipole trap, we record
the decay of the number of atoms trapped in the Ar™
laser beam after the MOT is turned off (Fig. 9). We have
observed a lifetime with this optical dipole trap around
210 ms (Fig. 9), independent of the power of the dipole
laser. We assume that the small value of the lifetime is due
to the collisions with hot atoms, mainly coming directly
from the thermal beam.

The temperature of the trapped atoms was measured
from the expansion of the atomic cloud after releasing it
from the dipole trap. For a thermal velocity distribution
with temperature T' and initial size 0.,q(0) the radius of
the cloud after an expansion time ¢t is given by

kT
Mca

Palt) = o2 + 2L )
Figure 10 shows the rms size oy,q of the atomic cloud
released from the ArT laser trap along the radial di-
rection and the fitted data that yield a temperature of
T = 6.8 uK. As the diffusion coefficients and the damping
coefficients crucially depend on the atomic position inside
the dipole trap, the temperature cannot be directly cal-
culated from them. However the observed temperature is
in good agreement with the result from the Monte-Carlo
simulation.

4.3 CO; laser optical trap

A COq laser emitting at 10.6 pm was used to investigate
narrow-line cooling in an optical dipole trap under the
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Fig. 11. Absorption picture taken 35 ms after turning off the
MOT. It shows the calcium atoms trapped in the CO2 laser
beam and the untrapped atoms falling down. The image cor-
responds to a region of 7.2 mmx 5.3 mm.

conditions of case (b) (Sect. 3.1). CO; lasers are known
to be very stable in intensity and frequency, resulting in
low laser-noise induced heating, which is the dominant
heating mechanisms in atom dipole traps [33], and can be
easily operated at very high intensities. Furthermore, CO4
lasers emit at wavelengths far detuned from any molecular
transition, which makes COs lasers well suited to trap
atoms as well as molecules [34,35]. The COy radiation
was delivered by a commercial COs laser. About 80 W
of 10.6 pum laser radiation was focused to a waist wg =
220 pm, resulting in a trap depth of Uy = 40 puK X kp.
According to the model of Section 3.1 the ac-Stark
shift in the COs laser trap leads to a shift of the cool-
ing laser of the MOT toward resonance. Thus it is ex-
pected that it will be difficult to load atoms efficiently
into the COs trap during the operation of the MOT.
Atoms being trapped in the dipole trap are evaporated
out of the dipole trap by the resonant excitation from the
MOT laser beams. This prediction is confirmed experi-
mentally, since no trapped atoms could be observed when
there was a temporal overlap between MOT and dipole
trap. Only when the COs trap was switched on immedi-
ately after the end of the second stage cooling about 10°
trapped atoms could be observed in the absorption image
(Fig. 11), corresponding to a transfer efficiency from the
657 nm MOT to the COy dipole trap of around 0.3% in
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agreement with a Monte-Carlo simulation that simulates
the motion of atoms in the potential of the dipole trap
without any additional laser cooling. The initial velocity
and position is taken randomly from a Gaussian spatial
and velocity distribution as in the real MOT. The frac-
tion 0.3% of trapped atoms is determined by the overlap
between the phase-space of trapped atoms in the COs
laser beam and the atomic ensemble in the 657 nm MOT
of size 0, = 0y = 0.5 mm and o, = 0.7 mm.

5 Summary

We have investigated narrow-line cooling inside an opti-
cal dipole trap in two different regimes. Depending on the
sign of the ac-Stark shift of the cooling transition inside
the dipole trap, different loading characteristics are ex-
pected. The two cases have been realized experimentally
in a 514 nm Art and a 10.6 ym COg laser trap and the
predicted behavior has been observed. Efficient loading of
an optical trap is very difficult, when the cooling laser is no
longer red detuned from the narrow-line cooling transition
inside the trap. From our model, we expect to obtain best
transfer efficiencies, if the dipole trap is operated close to
the magic wavelength of 983 nm. In this case one Zeeman
component of the cooling transition is not shifted by the
dipole trapping fields, and thus laser cooling similar to free
space will be possible. All other Zeeman components are
shifted away from resonance, so no additional heating ap-
pears. This might open the way to laser cooling calcium
towards quantum degeneracy and lead to dense atomic
samples, e.g. for the study of cold collisions.
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