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Abstract

From the study of long-range-interacting systems to the simulation of gauge fields, open-shell
lanthanide atoms with their large magnetic moment and narrow optical transitions open novel
directions in the field of ultracold quantum gases. As for other atomic species, the magneto-
optical trap (MOT) is the working horse of experiments but its operation is challenging, due to
the large electronic spin of the atoms. Here we present an experimental study of narrow-line
dysprosium MOTs. We show that the combination of radiation pressure and gravitational forces
leads to a spontaneous polarization of the electronic spin. The spin composition is measured
using a Stern—Gerlach separation of spin levels, revealing that the gas becomes almost fully spin-
polarized for large laser frequency detunings. In this regime, we reach the optimal operation of
the MOT, with samples of typically 3 x 108 atoms at a temperature of 15 K. The spin
polarization reduces the complexity of the radiative cooling description, which allows for a
simple model accounting for our measurements. We also measure the rate of density-dependent
atom losses, finding good agreement with a model based on light-induced Van der Waals forces.
A minimal two-body loss rate 3 ~ 2 x 10~!" c¢m’s™ is reached in the spin-polarized regime.
Our results constitute a benchmark for the experimental study of ultracold gases of magnetic
lanthanide atoms.

Keywords: laser cooling, ultracold dysprosium, ultracold atoms

(Some figures may appear in colour only in the online journal)

1. Introduction

Open-shell lanthanide atoms bring up new perspectives in the
field of ultracold quantum gases, based on their unique phy-
sical properties. Their giant magnetic moment allows
exploring the behavior of long-range interacting dipolar sys-
tems beyond previously accessible regimes [1-7]. The large
electronic spin also leads to complex low-energy scattering

Original content from this work may be used under the terms

BY of the Creative Commons Attribution 3.0 licence. Any
further distribution of this work must maintain attribution to the author(s) and
the title of the work, journal citation and DOIL
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between atoms, exhibiting chaotic behavior [8, 9]. The atomic
spectrum, which includes narrow optical transitions, further
permits the efficient production of artificial gauge fields
[10-12].

This exciting panorama triggered the implementation of
laser cooling techniques for magnetic lanthanide atoms,
including dysprosium [13-15], holmium [16, 17], erbium
[16, 18-20] and thulium [16, 21]. Among these techniques,
magneto-optical trapping using a narrow optical transition
(linewidth " ~ 27 x 100 kHz) provides an efficient method to
prepare atomic samples of typically 10® lanthanide atoms in the
10 uK temperature range [15, 20], in analogy with the trapping
of Sr and Yb atoms using the intercombination line [22, 23].

© 2017 IOP Publishing Ltd  Printed in the UK
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Figure 1. (a) Scheme of the og)tical transitions involved in our laser cooling setup, coupling the electronic ground state 4£19C14)65%(1Sy)

(J = 8) to the excited states 4f

9CIg)6s6p('P1)(8,1)0 (J' = 9) and 4f'°Clg)6s6pCP;)(8,1)s (J' = 9). (b) Scheme of the magneto-optical trap

arrangement, with the six MOT beams (red arrows) and the pair of coils in anti-Helmoltz configuration. Gravity is oriented along —z. (c)
Typical in situ absorption image of an atomic sample held in the ‘compressed’ magneto-optical trap. The cross indicates the location of the
quadrupole center. The cloud is shifted by ~1 cm below the zero due to gravity. We attribute the cloud asymmetry with respect to the z axis
to the effect of an ambient magnetic field gradient. (d) Atom number N captured in the magneto-optical trap as a function of the loading time #

(see text for the MOT parameters).

For two-electron atoms like Ca, Sr and Yb [22-24], the
absence of electronic spin simplifies the operation and
theoretical understanding of the MOT. On the contrary, the
large value of the electron spin for lanthanide atoms greatly
complicates the atom dynamics, the modeling of which
a priori requires accounting for optical pumping effects
between numerous spin levels. Previous works on narrow-line
MOTs with lanthanide atoms mentioned a spontaneous spin
polarization of the atomic sample [1, 2, 19], but its quanti-
tative analysis was not explicitely described.

In this article, we present a study of Dy magneto-
optical traps (MOTs) operated on the 626 nm optical
transition (linewidth I' = 27 x 136 kHz [25]) [15]. We
measure the spin populations using a Stern—Gerlach
separation of the spin levels. We observe that, for large and
negative laser detunings (laser frequency on the red of the
optical transition), the atomic sample becomes spin-polar-
ized in the absolute ground state |J = 8, my = —8). This
spontaneous polarization occurs due to the effect of gravity,
which pushes the atoms to a region with a relatively large
magnetic field (on the order of 1G), leading to efficient
optical pumping [1, 2, 19]. In the spin-polarized regime, the
system can be simply described with a two-level atom
model, in close relation with previous works on Sr MOTs
[26] and narrow-line MOTs of magnetic lantha-
nides [1, 2, 19].

We show that the spin-polarized regime corresponds to
optimal operating parameters for the MOT, leading to sam-
ples with up to N ~ 3 x 10® atoms and temperatures down to
T ~ 15 pK. This observation is supported by a study of
density-dependent atom losses triggered by light-induced Van
der Waals interactions between atoms. We observe that
minimal loss rates are reached in the spin-polarized regime, as
predicted by a simple model of atom dynamics in attractive
molecular states.

2. Preparation of magneto-optically trapped
dysprosium gases

The electronic states of dysprosium involved in our study are
represented in figure 1(a), together with a schematics of the
MOT in figure 1(b). An atomic beam is emitted by an effu-
sion cell oven, heated up to 1100 °C. The '**Dy atoms are
decelerated in a Zeeman slower, which is built in a spin-flip
configuration and operates on the broad optical transition at
421 nm (linewidth 27 x 32 MHz [27]). The flux of atoms
along the Zeeman slower axis is enhanced using transverse
Doppler cooling at the entrance of the Zeeman slower, also
performed on the 421 nm resonance [28].

The MOT, loaded in the center of a steel chamber, uses a
quadrupole magnetic field of gradient G = 1.71 Gcm™ along
the strong horizontal axis x. The MOT beams, oriented as
pictured in figure 1(b), operate at a frequency on the red of the
optical transition at 626 nm [15], the detuning from resonance
being denoted A hereafter. This transition connects the
electronic ground state 4£'%65%(°Ig), of angular momentum
J =8 and Landé€ factor g, >~ 1.24, to the electronic state
4f'°C1g)6s6pCP1)(8,1)0, of angular momentum J' = 9 and
Landé factor g, >~ 1.29. Its linewidth I' = 27 x 136 kHz,
corresponding to a saturation intensity gy = 72 uW cm 2,
allows in principle for Doppler cooling down to the temper-
ature Tp = 21"/ (2kg) ~ 3.3 K. Each MOT beam is pre-
pared with a waist w ~ 20 mm and an intensity / = 3.7
mW cm ™2 on the beam axis, corresponding to a saturation
parameter s = I /I, ~ 50.

The atom loading rate is increased by artificially broad-
ening the MOT beam frequency: the laser frequency is
sinusoidally modulated at 135 kHz, over a total frequency
range of 6MHz, and with a mean laser detuning
A = —27 x 4.2 MHz. From a typical atom loading curve
(see figure 1(d)) one obtains a loading rate of 6(1) x 107
atomss™' at short times and a maximum atom number
N = 3.1(5) x 108. The atom number is determined up to a
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Figure 2. (a) Vertical position z. of the MOT center of mass as a function of the laser detuning A, measured for two values of the magnetic
field gradient, G = 1.71 G cm’! (open symbols) and G = 2.26 G cm’! (filled symbols) and a saturation parameter s = 0.65. (b) Scheme of
the optical transitions starting from the absolute ground state |J = 8, my = —8). As the MOT position deviates from the magnetic field zero
position, optical transitions of polarization o— become more resonant than 7 and o, transitions, leading to optical pumping into the absolute
ground state. (c) Local detunings for the three optical transitions involving the absolute ground state, inferred from the laser detuning and the
Zeeman shifts at the MOT position. We take into account an ambient magnetic field gradient along z, §G = —0.094(2) G cm™', measured
independently. The local detuning of the o_ transition (circles) saturates to a fixed value for large detunings, showing that the MOT position
adapts to keep the local detuning fixed. The 7 and o, transitions (square and diamonds, respectively) do not exhibit this saturation.

20% systematic error using absorption imaging with resonant
light on the broad optical transition, taking into account the
variation of scattering cross-sections among the spin manifold
expected for our imaging setup.

After a loading duration of ~65s, we switch off the
magnetic field of the Zeeman slower, as well as the slowing
laser. We then compress the MOT by ramping down the
frequency modulation, followed by decreasing the saturation
parameter s and the laser detuning A over a total duration of
430 ms. At the same time, the magnetic field gradient is
ramped to its final value. For most of the MOT configurations
used for this study, we do not observe significant atomic loss
during the compression. A typical absorption image of the
atomic sample after compression is shown in figure 1(c). The
curved shape of the gas and its mean position (about 1 cm
below the magnetic field zero) reveal the role of gravity in the
magneto-optical trapping [19, 23, 26].

3. Spin composition
An immediate striking difference of narrow-line MOTs with

respect to alkali-metal ones is the strong dependence of the
MOT center position on detuning [26]. As shown in

figure 2(a), we indeed observe a drop of the MOT position
when increasing the laser detuning, the amplitude of which
largely exceeds the cloud size (see figure 1(c)). This behavior
can be explained by considering the MOT equilibrium con-
dition, which requires mean radiative forces to compensate
for gravity. When the laser detuning is increased, the MOT
position adapts so as to keep the mean amplitude of radiative
forces constant.

This picture is supported by the calculation of the local
detunings A" ~") of optical transitions |J = 8, my) —
|[J" =9, my) at the MOT position. We compare in figure 2(c)
these detuning values for the o, 7 and o transitions starting
from the ground state |J = 8, my = —8). We observe that,
when increasing the detuning A, the 7 and o, transitions
become off-resonant, while the local detuning of the o_
transition tends to a finite value. The detuning of the latter
transition is denoted in the following as Ay, = A3~

This predominance of the o_ transition leads to optical
pumping of the electronic spin towards the absolute ground
state, as confirmed by a direct measurement of the spin
composition of the atomic sample with a Stern—Gerlach
separation of spin levels. To achieve this, we release the
atoms from the MOT, apply a vertical magnetic field gradient
of about 30 Gcm™' during ~4 ms, and let the atoms expand
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Figure 3. (a), (b) Typical absorption images of the atomic samples taken in our Stern—Gerlach experiment (see text). The populations of
individual spin levels can be resolved using a multiple gaussian fit of the atom density. Image (c) serves as a reference image taken in the
absence of gradient. (d) Variation of the mean spin projection (J;) with the laser detuning A, showing the almost full polarization in the
absolute ground state, i.e. (J;) ~ —38, for large detunings (A < —27 x 1 MHz). The solid line corresponds to the prediction of an optical
pumping model (see text). Insets show the measured spin population distributions II,,, for the detunings A/(27) = —0.5 MHz and —2 MHz,
corresponding to images (a) and (b), respectively. The saturation parameter is s = 0.65 and the MOT gradient is G = 1.71 Gcm™.

for 20ms before taking an absorption picture (see
figures 3(a)—(c)). We measure the spin composition for sev-
eral detuning values A, and we show two examples of spin
population distributions in the insets of figure 3(d). The mean
spin projection (J;) inferred from these data is plotted as a
function of the detuning A in figure 3(d). It reveals an almost
full polarization for large detunings A < —27 x 1 MHz,
which is the first main result of our study.

In the spin-polarized regime, the theoretical descrip-
tion of the magneto-optical trap can be simplified. As the
atomic gas is spin-polarized and the o_ component of the
MOT light dominates over other polarizations, the atom
electronic states can be restricted to a two-level system,
with a ground state |J = 8, my = —8) and an excited state
|[J/ =9, m; = —9) [26]. The radiative force is then calcu-
lated by summing the contributions of the six MOT
beams, projected on the o_ polarization. For the sake of
simplicity we restrict here the discussion to the motion on
the z axis, but extending the model to describe motion
along x and y directions is straightforward (see
appendix B). The motion along z is governed by the
radiative forces induced by the four MOT beams propa-
gating in the plane x = 0 (see figure 1(b)). Taking only the
o_ component of these beams into account and neglecting
interference effect between the beams, the total force for an
atom at rest on the z axis is obtained by summing the
radiation pressure forces from the four beams in the x = 0
plane. It takes the simple form

kT s
2 1+ 25+ 4A%,

Fua = 2 €;

at the MOT position [29]"'. The MOT equilibrium position
corresponds to the condition of the radiative force compen-
sating gravity F.,q + mg = 0, leading to

s 1

1425 +4A2, /T2 ¢

_ JikI
" 2mg’

ey

where 17 >~ 168 for the considered optical transition. The local
detuning A, thus only depends on the laser intensity s and
not on the bare detuning A, as

Are = —g\/w ~2)s 1. @)

This expression accounts well for the experimental data pre-
sented in figure 2(c): the saturation of the local detuning Ay
for large detunings corresponds to the spin-polarized regime,
where equation (2) applies. For simplicity we do not take into
account magnetic forces associated with the magnetic field
gradient, as it leads to ~10% corrections on the local detuning
Ajoe, Which is below our experimental error bars.

To go further this simple approach, we also developed a
model taking into account the populations in all Zeeman
sublevels. The Zeeman populations in the ground and excited
states are calculated as the stationary state of optical pumping
rate equations, including the Zeeman shifts corresponding to a
given position. We then calculate the radiative force by
summing the contributions of all optical transitions, which
allows determining the MOT position z,. from the requirement

! For a different MOT beam geometrical configuration, with propagation
directions along +e,, +e, and e, we would obtain the same expressions
for the radiative force, as well as the optical pumping rates described in the
following.
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Figure 4. (a) Temperature 7 of the atomic gas as a function of the laser detuning A, for a saturation parameter s = 0.65 and a %radient value

G =1.71 Gcem . (b) Temperature T as a function of the saturation parameter s, measured for a gradient G = 1.71 Gcm™

and laser

detunings A = —27 x 1.84 MHz (blue dots) and A = —27 x 2.54 MHz (red squares). The solid lines in (a) and (b) correspond to the
temperature expected in the spin-polarized regime according to equation (4). The dashed line includes the temperature increase expected from
the measured intensity noise of the cooling laser beams (see appendix C).

of compensation of the radiative force and gravity. As shown
in figure 3(d), this model accounts well for the measured
population distributions.

4. Equilibrium temperature

The main interest in using narrow optical transitions for
magneto-optical trapping lies in the low equilibrium tem-
peratures, typically in the 20 ©K range. In order to investigate
the effect of the spin composition of the gas on its equilibrium
temperature, we investigated the variation of the temperature
T—measured after time-of-flight*—with the laser detuning A
(see figure 4). Far from resonance, we observe that the
temperature does not depend on A, in agreement with the
picture of the spin-polarized regime discussed above (see
figure 4(a)). The temperature slightly decreases for
—1MHz < A/(@2n) < —0.3 MHz, i.e. when leaving the
spin-polarized regime, before significantly raising closer to
resonance.

We also investigated the influence of the laser intensity,
by probing the temperature variation with the saturation
parameter s (see figure 4(b)). The observed temperature raise
upon increasing s can be intuitively understood from equation
(2): the local detuning from resonance increases when raising
s; we then expect a temperature increase according to the
Doppler cooling theory (in the regime |Aj| > I'/2 con-
sidered here).

A more quantitative understanding requires adapting the
theory of Doppler cooling to the experiment geometry. Here
we restrict the discussion to the atom dynamics along z, in the

2 The magnetic field gradient is kept on during expansion in order to avoid
eddy current effects. We checked that magnetic forces play a negligible role
in the expansion dynamics for the flight durations used for this measurement.

spin-polarized regime (see appendix B for a generalization to
3D). The radiative force produced by the four MOT beams in
the x = 0 plane can be calculated for an atom of velocity v
along z, leading to the damping force for small velocities

- fik? 5 Ajoe /T

oa=-3— ,
m 1+ 25 + 4(AQioe /TP

Fog = —mav,

3

which coincides with the usual damping force formula for
Doppler cooling for a pair of counter-propagating laser beams
of saturation parameter s and detuning Ay, up to numerical
factors related to the geometry of our laser configuration. In
appendix A, we discuss additional experiments on temper-
ature equilibration dynamics, which can be explained quali-
tatively using the damping rate value (3).

The momentum diffusion coefficient along z, denoted as
D.., is calculated taking into account the contribution of the
six cooling laser beams [30], as

.. = L per
80

where IT' = 1/7 is the population in the excited state. The
temperature T is then obtained as the ratio kg T = D,, / (ima),
leading to the expression

T = iLE 4)
120 Js(n —2) — 1 kg

Extending this analysis of the atom dynamics to the two other
spatial directions x and y leads to slightly different equili-
brium temperatures along these axes, but the expected dif-
ference is less than 10%, which is below our experimental
resolution (see appendix B). According to equation (4), the
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Figure 5. (a) Rms cloud sizes o, and o, (blue dots and red squares, respectively), measured using absorption images taken in situ for s = 0.65,

G =171 Gem™and N ~ 2 x 10. The solid lines correspond to the theoretical values expected in the spin-polarized regime, equations (5)
and (7). (b) Volume V of the atomic gas as a function of the atom number N, for s = 0.65, A = —27 x 1.84 MHzand G = 1.71 G em™.
The solid line is a piecewise linear fit to the experimental data (see equation (9)), consistent with a maximum density reachable in our

MOT 7y = 7(1) x 100 cm=3.

MOT temperature is minimized down to

min — EL}E—F ~34 ,[LK

60 (7 — 2) ks
for s = 2/(n — 2), which corresponds to a local detuning
Ay = I'/2 according to equation (2). As 7 > 1, this value is
very close to the standard Doppler limit T, = %1/ (2kp).

We investigated this behavior by measuring the gas
temperature as a function of the saturation parameter s for
large laser detunings. As shown in figure 4(b), the measured
temperatures are reasonably well reproduced by equation (4)
for 0.3 < s < 10. The measured temperatures deviate from
theory for small saturation parameter values s < 0.1, which
can be explained by the shaking of the atomic sample due to
the noise of the cooling laser intensity. We calculate in
appendix C the temperature increase expected from the
measured intensity noise spectrum (corresponding to rms
fluctuations of the saturation parameter s of 5 x 107°). We
obtain the dashed curve in figure 4(b), which qualitatively
reproduces the temperature raise observed for small saturation
parameters. A minimal temperature of 15(1) K is measured
for s = 0.2. For large saturation parameters s > 10, the gas
does not remain spin-polarized, and the temperature is no
longer accounted for by equation (4).

We also observe a raise of the MOT temperature when
increasing the atom number, similarly to previous studies on
alkali and alkaline-earth atoms [23, 31-33]. We discuss this
effect in the appendix A.

5. Cloud sizes and atom density
The atom density in the MOT is an important parameter to

consider for efficiently loading the atoms into an optical
dipole trap. In this section we characterize the cloud sizes and

atom densities achieved in our setup. We measured the hor-
izontal and vertical rms sizes o, and o, respectively, using a
gaussian fit of the optical density—the absorption image
being taken in sifu (see figure 5(a)). We observe that, in the
spin-polarized regime, the vertical size o, weakly varies upon
an increase of the laser detuning A, while the horizontal size
oy increases over a larger range.

We now explain how one can account for this behavior
within the simple model developed above. In the spin-polar-
ized regime, the analytic form of the radiative force
allows expressing the equilibrium shape of the atomic sample
in a simple manner. Close to the equilibrium position,

the radiative force can be expanded linearly as
F. = —kyx €, — Kyy €, — K2 €;, where the spring con-
stants are given by
= 208 5)
2l
Ky = Ky /2, (6)
4mg 6uG|Aloe
K, = lell’ (7
snal

where 6 = p/ — p is the difference between the magnetic
moments in the excited and ground electronic states, denoted
as p’ and p, respectively. Note the simple expression (5) for
Ky, in which the influence of the detuning A and saturation
parameter s only occurs via the equilibrium position z.. We
remind that the magnetic field gradient is twice larger along x
than along y, which explains the relation (6) between the
spring constants x, and x,. The rms cloud sizes g,
(u = x, y, z) are then determined using the thermodynamic
relations

ksT = Ky02. 8)

As both the temperature T and local detuning A, are con-
stant in the spin-polarized regime, equations (7) and (8)
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predict a constant rms size o,, consistent with the weak var-
iation observed experimentally. The variation of the size oy, is
also well captured by this model. A more precise analysis
would require taking into account trap anharmonicities, which
cannot be completely neglected given the non-gaussian cloud
shape (see figure 1(c)).

We also observe a variation of the cloud size when
increasing the atom number N with fixed MOT parameters
(see figure 5(b)). Such an effect is expected from the repulsive
interaction between atoms being dressed by the MOT light,
due to the radiation pressure of fluorescence light they exert
on each other [34]. We plotted in figure 5(b) the cloud volume
V as a function of the atom number N. The volume V is
defined as V = (27)*/%0,0,0,, so that npe,x = N /V represent
the atom density at the trap center. In order to calculate the
volume V, we use equation (6) to deduce o, from the mea-
sured o, value. The measurements are consistent with a
volume V independent of N for low atom numbers (‘temp-
erature-limited’ regime) and linearly varying with N for large
atom numbers (‘density-limited’ regime) [34, 35]. The data is
fitted with the empirical formula

V = Viingle atom + a(N — NJON — N, (&)

where O is the Heaviside function. For the MOT parameters
corresponding to figure 5(b), we obtain Vngic atom = 3.7(1)
mm®, N, = 3(1) 107 and o = 8(1) x 107 mm’.

Far in the density-limited regime (N > N.), we expect
the atoms to organize as an ellipsoid of uniform atom density
Nmax corresponding to the maximum atom density that can be
reached in the MOT [34, 35]. In such a picture, the volume
determined from the rms sizes varies linearly with the atom
number, with o = 0.52 n,,}, (taking into account the non-
gaussian atom distribution in this regime). From the fit (9) of
our data, we infer for large atom numbers a maximum atom
density nma = 7(1) 10'°cm—3, a value comparable to the
ones typically reached with alkali atoms [35].

6. Atom losses due to light-assisted collisions

The variation of the cloud sizes shown in figure 5 indicates
that the atom density could be maximized by setting the
cooling laser light close to the optical resonance, so as to
achieve the smallest cloud volume. However, we observe an
increased rate of atom losses near resonance, eventually
leading to a reduced atom density. In order to understand this
behavior, we present in this section an experimental study of
atom losses in the magneto-optical trap, and we interpret the
measurements with a simple model based on molecular
dynamics resulting from light-induced Van der Waals inter-
actions [36-39].

The loss of atoms is quantitatively characterized by
measuring the variation of the atom number N with the time ¢
spent in the magneto-optical trap, in the absence of Zeeman
slowing light (see figure 6(a)). The atom decay is fitted with
the solution of an atom loss model taking into account one-
body atom losses due to collisions with the residual gas and

two-body losses, described by the equation

N:—E—ﬂﬁN.
Ti

(10)

In this equation, 7; = 12(2)s is the one-body lifetime due to
collisions with background atoms (background pressure
~4 x 1071 mbar), 3 is the two-body loss coefficient and
T = Npeak / (2\/5 )=N / (2\/5 V) is the average atom density
in the trap. An example of fit of the atom number decay is
presented in figure 6(a)’.

The figure 6(b) shows the variation of the loss coefficient
( with the detuning A. We observe that the loss coefficient
stays almost constant in the spin-polarized regime, with
B =2.6(5) x 1071 cm?s™", and it increases by a factor ~20
when approaching resonance. We can also compare our
measurements to the loss coefficient 3 = 3.7(4) x 10~!!
cm®s7! reported in [15]. As shown in figure 6(b), the two
measurements are in good agreement after renormalizing the
laser detuning to account for the different saturation para-
meters used in the two studies, so as to compare atom samples
with identical spin composition®.

We now interpret our loss coefficient measurements
using a simple theoretical model in which atom losses origi-
nate from light-induced resonant Van der Waals interactions.
As shown in figure 7, when an atom is brought to an excited
electronic state by absorbing one photon, it experiences
strong Van der Waals forces from nearby atoms. For red-
detuned laser light, an atom pair is preferentially promoted to
attractive molecular potentials. Once excited in such a
potential the pair rapidly shrinks and each atom may gain a
large amount of kinetic energy. When the molecule sponta-
neously emits a photon, both atoms return to the electronic
ground state with an additional kinetic energy that can be
large enough for the atoms to escape the MOT.

We model this phenomenon using a simple description of
molecular dynamics, inspired from [36, 39, 40]. The large
electron spin of dysprosium leads to an intricate structure of
2(2J + 1)(2J" + 1) = 646 molecular potential curves that
we calculated numerically. The complete description of this
complex system is out of the scope of this paper. Fortunately,
the main physical effects occurring in the experiment can be
captured by a simplified model corresponding to a single
effective molecular potential Vyo (r) = —AiT/ (kr)?, with a
1/e molecule lifetime (uI')~!, where A\ and p are dimen-
sionless numbers. The mean values of these parameters
averaged over the 323 attractive molecular potentials are
A =~ 0.68 and i >~ 1.05.

The calculation of the two-body loss rate within this
model is detailed in appendix D. We show that the laser
excitation of atoms from the spin level |J, my) to |J/, my + q)

3 Before fitting the measured atom decay data with equation (10), we fit the
measured volume variation with the atom number using the piecewise linear
function (9), as discussed in section 5.

4 Close to the spin-polarized regime, we expect the atom fraction in excited
spin levels to scale as s/A?. In order to compare loss coefficients taken for a
detuning A and saturation parameter s’ to data of saturation parameter s with
comparable spin composition, we thus renormalize the detuning
as A — Ays/s’.
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Figure 6. (a) Decay of the atom number with time for a laser detuning A = —27 x 2.54 MHz, a saturation parameter s = (.65 and a

gradient G = 1.71 Gcem™. The data is fitted with a solution of the decay model (10) (solid line), leading to a two-body loss coefficient
8 =23(5) x 107" cm®s™". The dashed line corresponds to the exponential asymptote associated with one-body atom losses (1 /e time
constant 77 = 12 s). (b) Variation of the loss coefficient 3 with the detuning A, compared with the predictions of the molecular dynamics
model. The dashed line corresponds to molecular parameters A = X and y = ji, while the solid line is a fit with A and u being free
parameters. The dotted and dashed—dotted lines stand for the corresponding asymptotic expression (12). The red square corresponds to the
decay coefficient measured in [15], with the arrow indicating the required detuning renormalization (see text).
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Figure 7. Scheme of the light-induced inelastic collisions. For red-
detuned laser light, atom pairs are preferentially excited to an
attractive molecular potential (blue line). For the duration 7 spent in
the excited state, the atoms attract each other, and acquire each a
kinetic energy Ey before returning to the electronic ground state. The
atoms are lost as soon as their kinetic energy exceeds a threshold
energy E”, which is typically much larger than other involved energy
scales (see appendix D). The condition for atom losses is represented
as a light gray area, corresponding to 2 E* = 1000 /.

(g = —1, 0 or 1) contributes to the loss coefficient as
2m2 N2
ﬁm/,q = Hm/T‘u |<J/, my + 61|J, my; 1, 61) |2
2
I s
X my—my+q) | 1.3
Aloc k-
5/6
r Al
x exp| —C A z |
loc r

T T(5/6)
C= |T B2 N3~ 0264 N3y, 11
\E 6T:@/3) : (an

where I is the Euler Gamma function. We remind that IT,,, is
the atom fraction in the state |J, ny;) and A"/ ~""4) is the
local detuning for the considered optical transition at the
MOT position. The exponential factor corresponds to the
probability that a molecular association event leads to the loss
of the atom pair. The total loss coefficient 3 is then obtained
by summing the contributions 3,, , of all optical transitions.

From equation (11), we see that the atom losses asso-
ciated with this mechanism are exponentially suppressed
when considering broad optical transitions. This suppression
plays a large role for alkalis, for which other loss mechanisms
dominate, e.g. fine-structure-changing collisions [36]. In the
case considered here, the exponential factor has a moderate
effect: for the data shown in figure 6(b), it takes the value
~0.6 for the transition |J, my = —J) — |J', mj = —J') in the
spin-polarized regime, assuming A = X and p = fi.

In the spin-polarized regime, the predominance of the
transition |J, my = —J) — |J/, mj = —J') leads to a simpler
expression for the loss coefficient

2m2Xu( T :
f=pPs-1= 3 (Aloc)

T
Aloc

X expl—C (12)

/% [AT [sT

VE |
As the local detuning Ay, does not vary with A in this
regime, we expect a constant loss coefficient (3, as observed
for the data presented in figure 6(b) for A < —27 x 1 MHz.

In figure 6(b) we show the prediction of the full model
for two sets of values for the parameters A and . Using the
mean values X and fi only provides a qualitative description
of the measured loss coefficients. A better agreement is
obtained using A = 0.75 and p = 0.5, possibly indicating the
important role played by subradiant molecular states, which
correspond to p < 1.
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7. Conclusions and perspectives

We presented a detailed experimental study of narrow-line
magneto-optical trapping of dysprosium, together with
theoretical models supporting our measurements. We showed
that the optimal operation of the MOT is obtained for large
laser detunings, leading to a spontaneous spin polarization of
the atomic sample and to minimal two-body atom losses.

This understanding allows us to prepare gases in ideal
conditions for transferring them into an optical dipole trap. In
such a non-dissipative trap, it is crucial to produce atomic
samples polarized in the electronic ground state in order to
avoid dipolar relaxation [41, 42]. In preliminary experiments,
we were able to trap about 2 x 10’ atoms into an optical
dipole trap created by a single laser beam of wavelength
A = 1070 nm and optical power P = 40 W, focused to a
waist of 35 pm. Optimal efficiency of the dipole trap loading
is obtained by first preparing the MOT at the lowest achieved
temperature of 15K (corresponding to parameters
A= -27x18 MHz, s =0.2 and G = 1.7Gcm_1), and
then superimposing the dipole trap over the MOT center
during 600ms. The phase space density of ~8 x 107>
reached after the dipole trap loading corresponds to a good
starting point to reach quantum degeneracy via evaporative
cooling [1, 3].

Our study will be of direct interest for magneto-optical
traps of other atomic species featuring both narrow optical
transitions and a spinful electronic state, such as the other
magnetic lanthanides. Future work could investigate sub-
Doppler cooling to very low temperatures in optical molasses.
Contrary to sub-Doppler mechanisms observed with magnetic
lanthanides in broad-line magneto-optical traps [13, 43, 44],
reaching temperatures below the Doppler limit of the 626 nm
optical transition would require applying an optical molasses
at low magnetic field [45, 46].

Acknowledgments

We thank E Wallis and T Tian for their contribution in the
early stage of the experiment. This work is supported by the
European Research Council (Synergy grant UQUAM) and
the Idex PSL Research University (ANR-10-IDEX-0001-02
PSLx). L S acknowledges the support from the European
Union (H2020-MSCA-IF-2014 grant no. 661433).

Appendix A. Additional temperature measurements

In this appendix we describe further temperature measure-
ments related to the equilibration dynamics and to the influ-
ence of the atom density.

We studied the equilibration dynamics in the magneto-
optical trap by measuring the time evolution of the temper-
ature right after the trap parameters have been set to the
‘compressed MOT’ values. We show such an evolution in
figure Al(a), corresponding to MOT parameters s = 0.65,
A=-2rx184MHz and G=171Gem'. The

temperature variation is fitted with an exponential decay of
1/e time constant 7= 29(11) ms, with a baseline of
23.6(9) uK. No significant atom loss is observed over the
duration of equilibration. This measurement allows extracting
a damping coefficient o = 1/(27) = 17(6)s~!, comparable
but smaller than the value o = 47(2)s™! given by the sim-
plified model leading to equation (3).

We also investigated the raise of the MOT temperature
when increasing the atom number [23, 31-33]. In previous
studies, such an effect was attributed to multiple scattering of
photons within the atomic sample [32], leading to a temper-
ature raising linearly with the peak atom density 7peqx, as

T(n) = Tsingle atom T 7Y Mpeak-

We investigated this behavior by measuring the gas temper-
ature for various atom densities. The atom density was varied
by loading different atom numbers 4 x 107 < N < 2 x 108
or using different gradient values 1.1 Gem™' < G < 5.3
Gcem™'. Note that the highest atom density used for this
study  (mpeak = 1.1 x 10! cm~>) exceeds the maximum
density n.,. discussed in the main text as we use here
larger magnetic field gradients. As shown in figure Al(b),
our measurements are compatible with a linear variation
of the temperature with density, with a slope ~=
8(1) x 10~ uK cm?. This value is comparable with the one
obtained with Cs gray molasses [32].

Appendix B. MOT temperature in the spin-polarized
regime

In this section we give a more detailed description of the
MOT temperature calculation and extend the analysis to the
atom dynamics in three spatial directions. We restrict the
discussion to the spin-polarized regime.

In order to extract the damping coefficient, the radiative
force can be expanded at the equilibrium position r, as

Fra(re, v) = *ma(gvxex + vyey + Vzez) + O(Vz)a

where a was introduced in the main text, see equation (3).
The anisotropy of the damping comes the specific geometry
of our setup (see figure 1(b)).

The momentum diffusion tensor D is calculated as the
sum of the diffusion tensors D2 and D™, associated with the
stochastic absorption and spontaneous emission events,
respectively. Taking into account the geometry of our
experiment (see figure 1(b)), we obtain the diffusion coeffi-
cients

2
Dabs — LﬁZkZF(O

167 0

SOWO OWwWo
w o O
\—T_/

3
Dem = L/ﬁer 0
20n 0
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Figure A1. (a) Evolution of the gas temperature 7 with time 7 right after the MOT parameters are set to the ‘compressed MOT” values. The
solid line is an exponential fit of the equilibration dynamics. (b) Temperature 7 as a function of atom density n, measured for various atom
numbers and gradient values, indicated in the legend (in G cm™). The solid line is a linear fit of slope v = 8(1) x 10~1! zK cm?.

The temperature is then obtained according to kg7 =
D/ (ma) and reveals weak anisotropy:

T, 33/120
T, | = 2 27120 | 2L,
T, s =2) = {31 /190) *&

Appendix C. Temperature increase due to the laser
intensity noise

In this section we give more details on the calculation of the
temperature increase due to fluctuations of the cooling laser
intensity, leading to a time-dependent saturation parameter s
(#). The main heating effect comes from fluctuations of the
trap center z.(f), which can be related to s(f) using the equi-
librium condition (1).

For simplicity we restrict the discussion to the atom
dynamics along the z axis. The atom dynamics is described by
Newton’s equation

mi = —r [z — z2.(t)] — maz + FL(t). (C.1)

Here, F; (¢) is the Langevin force associated with stochastic

radiative  processes, such that (F_ (r)) =0 and
(FL(t)FL(t")) = 2D6(t — '), involving the diffusion coeffi-
cient introduced in the main text. By integrating

equation (C.1), we calculate the rms fluctuations of the
waw?

velocity, as
2
dw S
( ) f (w(z) — w?? + wla?

where S (w) is the spectral density of the saturation parameter
noise and wy = /k,/m. The equilibrium temperature is then

D,
e

dz,
ds

(2% = (W),

(C2)

10

obtained as T = m (z2) /kg. Note that for small damping rates
a and in the absence of Langevin forces, equation (C.2) is
consistent with the heating rates expected from [47] for sha-
ken conservative traps. The dashed line in figure 4(b) is cal-
culated using equation (C.2) and the measured noise
spectrum, shown in figure C1 for the lowest saturation para-
meter s = 0.065 explored in figure 4(b). Note that, during the
MOT loading and compression, the laser intensity is servo-
locked to a PID controller, typically over the
range 0.065 < s < 50.

Appendix D. Calculation of the inelastic loss rate

In this section we describe the two-body loss model used in
the main text to interpret the measured loss coefficients,
adapting thereby standard treatments to the case of dyspro-
sium atoms [36, 37].

We assume the nonlinear atom losses to be triggered by
the light-assisted formation of molecules. Once the pair of
atoms is excited to an attractive molecular state, strong Van
der Waals forces induce fast atom dynamics, leading to atom
losses once the molecule is de-excited after spontaneous
emission.

A precise modeling is a challenging task, as it requires
calculating the 646 molecular potentials and the corresp-
onding excitation amplitudes, taking into account the local
magnetic field value and the orientation of atom pairs. We
consider here a single effective molecular potential
Vol (r) = = AT/ (kr)3, of 1/e lifetime (uI')~!. For simpli-
city we consider a uniform atom density n = N/V. The atom
loss can be described by the equation

. n2
N = 2 [dr e 2o(iry = £ Piss (1 = 52D, (D.)
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Figure C1. (a) Time evolution of the saturation parameter s, for the smallest mean value s = 0.065 explored in figure 4(b). The rms
fluctuations of 5 x 10~ result from the ~80 dB dynamic range of the intensity locking system. (b) Spectral density S (w) of the saturation

parameter noise corresponding to (a).

where I, () is the rate of molecule formation for a pair of
atoms of relative distance r, and Py, (r) is the probability to
lose this pair of atoms after de-excitation. The factor L avoids
double counting and the factor 2 accounts for the fact that
each loss event corresponds to the loss of two atoms.
Equation (D.1) can be recast as

N = —ﬁ”lN, ﬁ = fdr Lisso (7) Pioss (7).

Consider a pair of atoms in the MOT separated by the
distance r;. We assume the rate of molecular association,
triggered by the absorption of a photon (g = —1, 0 or 1
referring to o_, 7 or o, polarizations, respectively) by an atom
of spin |J, my), to be given by the standard algebra of atom-
light interaction, as

Thasso (1) :|<J/’ my + ‘ZI-L my; 1, 61>

2s
Vinot (1) /i P/ (uT)?”

|2£
2

X (D.2)
1 + 4[Aloc -

where we ignore intensity saturation effects.

Once the molecule is formed, the atom pair evolves
according to Newton’s law (m/2)# = —0, Vpo (1), which can
be solved implicitly. We neglect the initial atom motion as it
corresponds to a weak energy scale for this problem. The
electronic excitation decays after a duration 7, corresponding
to a distance r¢ (r;, 7), such that

fri dr [N
rf [r—3 _ ri73 i’)’lk3 '

The acquired kinetic energy per atom Ey is obtained from
energy conservation, as 2Ey (r;, 7) = V() — V (rp).

The atom pair is lost if the acquired kinetic energy
exceeds a threshold energy E*. This energy can be calcu-
lated by solving numerically the equation of motion of an
atom of kinetic energy E”, initially located at the equili-
brium position r., and subjected to the radiative forces. For
the MOT parameters corresponding to the data of atom
number represented in figure 6(a), we estimate a capture

11

velocity v* of about 0.6ms™', corresponding to an
energy E* =~ 500 7T .

The loss probability is then obtained as the probability
for the atoms to acquire enough kinetic energy during the
molecular dynamics:

o0
Poss(r) = [ dr yLe OB (i, 7) — ),
0

where uI'e 17 is the density probability for the spontaneous
emission to occur at time 7 (O is the Heaviside function). We

obtain
N I \5/2 2%
Ploss (1;) = exp| ——— (kr; —

£ -1/3
Al i) )
|Vm01(ri)|
where f(x) = j; : J%' As the threshold energy E* is

much larger than other energy scales, we can safely replace
the factor f[] by f(0) = V7 Ig(5/6)/[3T:(4/3)].

The loss rate can then be obtained by calculating
numerically the integral (D.1). We find that replacing the
Lorentz absorption profile (D.2) by a strict resonance condi-
tion (i.e. the suitable Dirac ¢ function) only introduces minor
differences for the numerical value of (3. After this replace-
ment the integral can be calculated analytically, leading to the
formula (11) in the main text.
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