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We characterize the anisotropic differential ac-Stark shift for the Dy 626 nm intercombination transition,
induced in a far-detuned 1070 nm optical dipole trap, and observe the existence of a “magic polarization” for
which the polarizabilities of the ground and excited states are equal. From our measurements we extract both
the scalar and tensorial components of the dynamic dipole polarizability for the excited state, o = 188(12)ag
and a; = 34(12)ay, respectively, where o is the atomic unit for the electric polarizability. We also provide a
theoretical model allowing us to predict the excited state polarizability and find qualitative agreement with our
observations. Furthermore, we utilize our findings to optimize the efficiency of Doppler cooling of a trapped
gas, by controlling the sign and magnitude of the inhomogeneous broadening of the optical transition. The
resulting initial gain of the collisional rate allows us, after forced evaporation cooling, to produce a quasipure

Bose-Einstein condensate of '>Dy with 3 x 10* atoms.

DOI: 10.1103/PhysRevA.98.040502

Lanthanide atoms offer a new and exciting test bed on
which to explore long-awaited physical phenomena such
as the appearance of the roton excitation in dipolar Bose-
Einstein condensates, due to their large magnetic moments
[1-4], or the occurrence of exotic superfluid phases based
on narrow transition lines and a dense Feshbach resonance
spectrum [5-9].

These unique properties arise thanks to the partially filled,
submerged 4 f shell but, due to the large number of unpaired
electrons, come with a drawback in terms of complexity.
For instance, the dynamic (dipole) polarizability, which is of
fundamental importance as it sets the strength of light-matter
interactions, is theoretically challenging to estimate [10,11].
Several experimental efforts have been made to benchmark
these theoretical models but have, so far, mainly addressed
the polarizability of the ground state [12—14].

In the case of the 626 nm intercombination transition used
in several dysprosium (Dy) cold atom experiments, little is
known about the excited state polarizability [15-17]. Besides
its fundamental interest, its characterization plays an impor-
tant role when considering the action of near-resonant light on
a gas confined in the high-intensity field of an optical dipole
trap [18]. In particular, when the ground and excited states
have different polarizabilities, one expects a differential light
shift in the resonance line proportional to the trapping light
intensity.
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If the differential light shift is close to or larger than
the linewidth of the transition, the light-matter interaction
becomes strongly affected by the trapping optical beam. In
particular, due to the spatial variation of the light intensity, the
coupling becomes spatially dependent. This effect received
much attention in the case of atomic clocks since it couples
the external and internal degrees of freedom, degrading the
coherence of spectroscopic measurements. For alkali [18] and
alkaline-earth atoms, the existence of “magic wavelengths”
helped to suppress this nuisance [19-24]. Furthermore, the
line shift induced by the presence of off-resonant optical traps
also affects the laser cooling efficiency [25,26] and can be
used to spatially tailor light-matter interactions [27].

For lanthanide atoms, due to the significant tensorial con-
tribution to the total atomic polarizability, the differential
light shift strongly depends on the trapping light polarization
[12,14]. This offers the possibility to locally vary the tran-
sition resonance frequency by fine-tuning the trapping beam
polarization; this feature has also been applied in a similar
manner to alkali-metal atoms, using the differential vectorial
polarizability [28]. The magic-wavelength behavior is then
replaced by a “magic polarization.”

In this Rapid Communication we characterize the
anisotropic differential light shift in the case of the
Dy 626 nm transition (|g) =1|J =8,m; = —8) — |e) =
|J' =9,m; = —9)) for a cold gas trapped in a far-detuned
1070 nm optical trap (see Fig. 1) [29]. Using theoretical
predictions for the polarizability of the ground state [10,30]
(see also measurements of Ref. [13]), we extract the excited

©2018 American Physical Society
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FIG. 1. Center-of-mass displacement resonance. Schematic
drawing: a near-resonant (626 nm) beam is applied to a cold atomic
sample optically trapped around the focal point of a 1070 nm
laser beam propagating along the x axis. The magnetic field
bias is orientated in a plane perpendicular to the optical beam
propagation axis, forming an angle # with the polarization vector
e.. Two orientations of B are represented: the initial vertical
orientation (B;) and the value corresponding to the resonance curve
shown in the main panel (By). The beam is applied for a short
duration and accelerates the atoms, leading to a displacement of the
cloud center-of-mass (CoM), measured after time of flight (ToF)
represented by the dashed lines (see top panels). The center-of-mass
displacement (8coy ) is plotted as a function of the laser frequency v
for 6 = 80° and fitted using Eq. (7) with the free parameter Aw(6).
The error bars denote the rms. deviation of three independent
measurements.

state polarizability, and identify a tensorial component of
much larger amplitude than for the ground state. By tuning the
relative angle between the laser polarization and an external
magnetic field, we find a magic polarization for which the
differential light shift between |g) and |e) is canceled. We
compare our results to a theoretical model described in Se. 11
and find qualitative agreement. As a concrete example of the
relevance of this magic-polarization behavior, we implement
a one-dimensional Doppler cooling experiment which we
optimize by adjusting the spatially dependent differential light
shift. We observe a significant gain in the collisional rate
for the case of a small, positive differential light shift which
leads to an enhanced (red) detuning of the cooling light at
the trap center. We interpret this result as a suppression of
light-assisted collisions at the bottom of the potential where
the atomic density is higher, while cooling remains efficient
in the wings. This cooling stage allows us to significantly
boost the cloud initial phase-space density, and, after a 4 s
forced evaporation procedure, to reach quantum degeneracy
for a cloud of '9’Dy at a critical temperature 7. ~ 120(20) nK
and atom number N &~ 7 x 10*.

I. DIFFERENTIAL LIGHT SHIFT: MAGIC POLARIZATION

The interaction between an atom and a monochromatic
laser field of frequency w gives rise to two types of effects.

First, the atom can scatter photons into empty modes of
the electromagnetic field via spontaneous emission processes.
Second, each atomic level may be shifted by the light field
(ac-Stark shift). Here we restrict ourselves to the case of a
nonresonant light field, which in our case corresponds to the
laser beam used for trapping the atoms, so that the first type
of effect is negligible and we focus on the latter.

Let us consider, for instance, the atomic ground level G,
with angular momentum J. At lowest order in laser inten-
sity, the atom-light interaction leads to stimulated Raman
processes in which the atom passes from the Zeeman state
|G, J, m) to another state |G, J, m’) with |m’ — m| < 2. The
light-shift operator is then a rank-2 tensor acting on the
manifold G. It can be expressed in terms of the dynamic
polarizability, gG(w), with scalar (orf;), vectorial (af;), and
tensorial (ozt;) contributions.

For a laser beam with linear polarization ey, the vectorial
contribution is suppressed by symmetry and the restriction of
the atom-light interaction to G can be written

C3F e -

Hle—V(l‘) Ol(;]l+ Gm s

(D

where J is the angular momentum operator. Here V(r) =
260( 5>=—I(r) where I(r) is the laser beam intensity, €y the
vacuum permittivity, and c the speed of light.
In the presence of a static magnetic field B, the Hamilto-
nian describing the dynamics within G is thus

Hg = Hog + Hai, 2

with ﬁo,G = gyupJ - B, g; the Landé g factor, and up the
Bohr magneton. Let us assume for now that the tensorial con-
tribution to ﬁa_LG can be treated at first order in perturbation
theory with respect to Hy (this assumption will be released
later). The energy shift for the state of lowest energy |g) in the
manifold G is then given by

t
Ey= Ego+ V(r){aSG n “70(3cos29 - 1)}, 3)

where 6 is the angle between the static magnetic field and the
beam polarization (see Fig. 1).

A similar analysis can be performed for any relevant ex-
cited electronic level E, in particular the one used here for
Doppler cooling. The energy difference between the states of
lowest energy in each manifold, |g) and |e), is equal to

hvy(r) = hlvo + Avy ()], )
where hvg = AEg = E. o — E,4 0, and
hAv,(r) = V(r)Aa, (3)

with Ao = Aa® + LAa'(3cos? 0 — 1) and Aa®? = ! —
alY. Importantly, for |Aa'/Aa® — 1/2] > 3/2, the dlffer—
ential light shift cancels for a specific polarization angle
Omagic = arccos[‘/%(l — ZA‘)“ )], that we will refer to as a

magic-polarization angle in the following text.

We begin by producing a cold sample of 107 '**Dy atoms
in the state |g), held in a 1070 nm dipole trap beam. The
beam polarization is linear and oriented at approximately 60°
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relative to the magnetic field (B;) initially aligned with the
vertical Z axis (see Fig. 1); as shown hereafter, this seemingly
arbitrary angle corresponds to Omagic. The magnetic field is
then reorientated to probe different values of 8. The duration
of the reorientation is chosen long enough for the atoms to
follow adiabatically the state |g) [31].

In order to probe the resonance frequency for the |g) — |e)
transition, we apply for T = 30 s a near-resonant beam,
circularly polarized (o ~) and propagating along Z [32]. In the
limit of a short pulse, the momentum kick experienced by the
atoms reaches its maximum value when the laser frequency
equals the transition frequency. This leads to a maximum
displacement of the cloud center of mass (CoM) after time
of flight (ToF), allowing us to extract, as a function of the
dipole trap intensity, the transition resonance frequency and
the differential light shift.

In more detail, the mean radiative force exerted on an atom
at a position r is given by [33]

S0

r
F(Aw(r),v,) = —hk—

z, (6
2 1+SO +4(Aw(r127kuz)2

where k = 27 /A is the recoil momentum, with A = 626 nm,
so = 1o/ Iy the saturation parameter with Iy = 72 uW /cm?,
Aw(r) =21 x [v —vj(r)], v, the atomic velocity along Z,
and I' = 2w x 136 kHz the transition linewidth. During the
application of this pulse the cloud displacement is negligible
(on the order of 1-2 wm) and the only sizable effect of the
pulse is a sudden change of the atomic velocity. Furthermore,
the acquired Doppler shift during the pulse is negligible
compared to I'. The optical dipole trap is then switched off
and an absorption image is taken after a ballistic expansion of
duration frorp = 1.5 ms. The momentum Kick as a result of the
pulse translates into a CoM position shift, §com, given by

IToF | / dvdrn(r. v)F(Ao(r.v)),  (7)
m

dcom =

where m is the atom mass and n(r,v) is the normalized
spatial and velocity distribution of the cloud, computed
for an initial cloud temperature 7 ~ 100 uK and a har-
monic trapping potential with frequencies {w,, wy .} = 2w x
{9(1) Hz, 1.9(1) kHz}.

In Fig. 1 we show a typical CoM-displacement resonance
as a function of the laser frequency, v. The origin of the
frequency axis is set by the bare resonance frequency, vy, that
we extract from a similar resonance measurement performed
in the absence of the trapping beam [34]. Using Eq. (7) we
record, for different values of V (0) the resonance position v,
(see Fig. 2, top panels). We verify that v, varies linearly with
V(0) and extract Aa(6) from the slope. The same procedure
is then repeated for several orientations of the magnetic field
By thus probing different relative angles 6 (see Fig. 1).

We recover the expected dependence of the total polar-
izability difference, Ac«, as a function of 6, as shown in
Fig. 2 (main panel). We observe that Ao = 0 for O =
57(2)°, corresponding to a cancellation of the differential
light shift, and characteristic of magic-polarization behavior.
The fitting function shown in Fig. 2 (main panel) corresponds
to the differential light shift computed numerically from the
energy difference between the state of lowest energy (|g))

= - Trap depth
E 00 @ 4 (K)
= 20/ : e 01 645 (46)
2 1009%%” O 332(24)
g,é) 0 qu %‘i&ew 2 Vo O no trap
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FIG. 2. Differential light shift as a function of the relative
angle 6. Top panels: CoM resonances as a function of the trap
depth experienced in |g) (see legend) for three different angles:
0°, 55°, and 100°. The CoM values have been shifted with respect
to each other for clarity. The error bars denote the rms deviation of
three independent measurements. Main panel: A« as a function of
6. The solid line corresponds to a fit based on the energy difference
between excited and ground states following the diagonalization of
H given in Eq. (2) with Aa® and Aa' as free parameters. Inset:
Differential polarizability as a function of 6 using Eq. (5) and the
theoretical values given in Sec. II. The shaded region represents the
differential polarizability uncertainty.

of Eq. (2) and its equivalent solution for the excited state
manifold (|e)), with free parameters Ao® and Aa'. We find
Aa® = —5(2)ag and Aa' = 33(2)ag, where g = 4ne0a8 and
ag is the Bohr radius. Using the theoretical values of ag’ Y (see
Sec. II) we determine the excited state scalar and tensorial
polarizabilities o}, = 188(12)a and a}; = 34(12)ay, respec-
tively. The small error bars reported here are purely statisti-
cal but systematic effects can play an important role in the
quantitative determination of ag’ Y. For instance, deviations
from the theoretical values of ag’ 0, such as the ones reported
for 1064 nm (see Ref. [13]), would automatically shift the
reported absolute values of ag’ Y. However, the existence of
the magic polarization angle (@agic) is robust with respect to
these systematic effects.

Our observations imply that, although the scalar compo-
nents of the dynamic polarizability are similar for both states,
the tensorial contribution of the excited state is much larger
than for the ground state. Note, however, that the tensorial
component of the excited state does not alone fulfill the con-
dition o, > 2} needed to cancel the light shift of that state.

II. THEORETICAL ESTIMATION OF THE EXCITED
STATE POLARIZABILITY

The scalar o® and tensor polarizabilities a' are calculated
using the sum-over-state formula (see, e.g., [30]). For the
ground state, the data of Ref. [30] give af; = 193(10)ay and
af; = 1.3(10)x at 1070 nm [35].
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For the excited state |e) considered above, the energies and
transition dipole moments (TDMs) toward even-parity levels
are required to estimate the polarizability. For levels belonging
to configurations that were observed experimentally, energies
and TDMs were explicitly calculated with the semiempirical
method implemented in Ref. [36], which has been extended by
some of us [11,30,37]. Those levels are split into three groups
of configurations: (i) 4 £1°6s> + 4 £1°5d6s + 4 f26s%6p; (ii)
419575 + 4 f19656d, and (iii) 4 f°5d6s6p [38]. Following
Ref. [37], we multiply the relevant monoelectronic TDMs by
a scaling factor (0.794 for (ns|F|n’p), 0.923 for (nf|#|n'd),
and 0.80 for (nd|#|n’p)), in order to improve the least-square
fit of the measured TDMs by the calculated ones. Some
unobserved levels are likely to significantly contribute to the
polarizability; for instance, those belonging to the 4 196 p?
configuration. We account for those levels using the effective
model of Ref. [11], with configurations 4 £1°6p2, 4 f%6sns
(n =8-10) and 4 f 06snd (n = 7-9). Transition energies are
calculated using the corresponding observed energy levels
in ytterbium, while monoelectronic TDMs are the ab initio
values multiplied by the scaling factors given above. Overall,
we find o}, = 132(33)ap and o}, = 61(33)xo.

As shown in Fig. 2 (inset) our model is consistent, within
error bars, with the experimental observation of a magic polar-
ization. Such agreement relies on a large difference between
the tensorial contributions of the excited and ground states.
The predicted magic polarization angle (—60° < 6 < 60°)
although in qualitative agreement with our observations, does
not allow one to quantitatively account for our results. This is
due to the aforementioned difficulty to accurately resolve the
excited state polarizability which leads to a large differential
polarizability uncertainty.

III. APPLICATION TO DOPPLER COOLING

We demonstrate the relevance of a magic polarization by
considering Doppler cooling in an optical dipole trap [26,39—
42]. This process is implemented in order to significantly
reduce the cloud temperature over a short timescale, typically
set by the weakest trapping frequency. For this purpose,
we use the 626 nm transition considered above where I' =
27w x 136 kHz. Since I' is small compared to the typical
differential light shifts reported in Fig. 2, one expects the
cooling efficiency to be strongly dependent on the optical
beam polarization.

In order to optimize the cooling efficiency we vary slightly
the value of 6 around the magic polarization angle 6,4 (see
Fig. 3) [43]. We observe two regimes with distinct behavior.
In the case of a negative differential light shift [Av,(r) <
0], the cooling is inefficient. On the other hand, for small,
positive values of the differential light shift, the cooling stage
is efficient and leads to an increased collisional rate (I'co).
The qualitative explanation for that behavior is summarized
schematically in Fig. 3 (top panels). In the first case, the
denser, central region of the atomic cloud is, due to the
strong negative differential light shift, closer to resonance and
therefore interacts strongly with the cooling beam. However,
the local density is large and light-assisted collisions are
predominant; this results in a very poor cooling efficiency
as shown in Fig. 3(a). For the case of a positive differential

(a) l‘l (b)
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FIG. 3. Doppler cooling efficiency as a function of 6 and gain
in phase-space density: Cooling efficiency for (a) 8 = 50° and (b)
6 = 75° as a function of the cooling beam frequency v, for 5o = 0.5
and a pulse time v = 20 ms. The vertical red dashed line indicates
the transition resonance at the trap center. (c) Detuning from the trap
center for which the minimal temperature is recorded (Awp;,) as a
function of 6. The black dashed line indicates the zero-detuning limit.
(d) Collisional rate, I'¢,;, as a function of #. An optimum is visible
for & = 70° corresponding to a small, positive differential light shift.
The horizontal dashed red line corresponds to the value of I, prior
to the Doppler cooling stage. The error bars denote the rms deviation
of three independent measurements.

light shift the situation is reversed. The central region is
strongly detuned, and light-assisted collisions are reduced
while cooling taking place in the wings, where the density is
lower, is very efficient [see Fig. 3(b)].

To better understand the above empirical description of
the cooling and heating mechanisms at work, we also report
the detuning frequency at which the minimal temperature is
recorded for several different values of 6 [see Fig. 3(c)]. The
detuning is expressed with respect to the resonance frequency
at the trap center, such that Awpin = 27 X [Vpmin — v5(0)].
In the case of a negative differential light shift we observe
an optimum cooling efficiency for large negative detuning
values. This behavior suggests that the cooling beam is also
responsible for local heating and losses at the trap center;
processes which are minimized by increasing the absolute
frequency detuning. In the case of a differential light-shift
cancellation, the detuning is compatible with the textbook
—TI'/2 result. For positive differential light shifts we also
observe an optimum at an enhanced negative detuning. This
is expected since the cooling mechanism mainly occurs in the
outer regions of the cloud, where the differential light shift
is smaller and therefore the frequency detuning from the trap
center is larger (see Fig. 3, top panels).
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FIG. 4. Condensation of '’Dy: (a) Schematic representation of
the evaporation procedure in the optical dipole trap. (b) Phase-space
density, @, as a function of the atom number N in logarithmic scale.
(c) Two-dimensional picture and integrated profile of a dipolar Bose-
Einstein condensate with a condensed fraction of 50%. The solid line
corresponds to a Gaussian plus parabolic fit.

We optimize the cooling efficiency by maximizing the
collisional rate "¢, , which is a natural figure of merit toward
achieving Bose-Einstein condensation. For each value of 6
we maximize .o by adjusting the frequency and t for a
fixed so = 0.5. As shown in Fig. 3(d), we observe that for
small positive differential light shifts (8 ~ 70°) a maximum
is reached. A similar method has also been applied to reach
the quantum limit of Doppler cooling in the case of strontium
atoms [26].

Production of a ' Dy BEC

We now discuss the production of a Bose-Einstein con-
densate after evaporative cooling in a crossed dipole trap (see
Fig. 4). We used the Dy isotope as it exhibits a larger back-

ground scattering length, which enhances the elastic collision
rate compared to the '**Dy isotope. We checked that the elec-
tric polarizability and the Doppler cooling work equivalently
for the two isotopes, as expected since the nuclear spin is zero
in both cases.

The optimization of the Doppler cooling stage allows us
to reach a phase-space density of & = 5.7(10) x 107*, and
to load approximately 9 x 10° atoms in a crossed dipole trap
formed of the laser discussed in previous sections (ODT 1),
a circular Gaussian beam with waist of 25 um operating at
1064 nm with a maximum output power of 45 W (ODT 2) and
an elliptical Gaussian beam with waists of 63 um and 41 um
operating at 1064 nm and with 9 W maximum output power
(ODT 3). The circular Gaussian beam (ODT 2) is spatially
modulated (at a frequency of 50 kHz) through the use of a
deflector which makes it effectively elliptic. The modulation
is reduced through the evaporation in order to increase the
collisional rate and maximize the evaporation efficiency. All
three optical beams lie on the horizontal plane and form angles
with respect to ODT 1 of —56° (ODT 2) and 30.6° (ODT 3).
The magnetic field is kept at a fixed value of 1.45 G, away
from any Feshbach resonance.

A schematic representation of the evaporation procedure
is shown in Fig. 4(a). The evaporation efficiency given by
y = —d logw /d log N is, for most of the evaporation pro-
tocol, close to 4 [see Fig. 4(b)]. Bose-Einstein condensation
is then reached at a critical temperature of 120(20) nK. After
further evaporative cooling, we obtain a quasipure BEC with
~3 x 10* atoms in an harmonic trap with aspect ratio w,/
Joxoy = 1.7.

In conclusion, we have observed the tunability of the
differential light shift for the 626 nm transition in the case
of a thermal Dy cloud confined in a far-detuned, 1070 nm,
optical dipole trap. We observe that, for a given trapping
beam polarization angle, a total cancellation of the differential
light shift can be achieved. This observation is in qualita-
tive agreement with the most recent theoretical models as
discussed in Sec. II and provides valuable information on
the excited state polarizability. We demonstrate the relevance
of the magic-polarization behavior by optimizing a Doppler
cooling stage which led us to reach a degenerate dipolar
gas. Furthermore, the magic-polarization behavior opens the
prospect of sideband cooling in optical lattices for the purpose
of single site imaging [44].
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