PHYSICAL REVIEW LETTERS 120, 183401 (2018)

Rydberg-Dressed Magneto-optical Trap
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We propose and demonstrate the laser cooling and trapping of Rydberg-dressed Sr atoms. By off-

resonantly coupling the excited state of a narrow (7 kHz) cooling transition to a high-lying Rydberg state,

we transfer Rydberg properties such as enhanced electric polarizability to a stable magneto-optical trap

operating at < 1 xK. Simulations show that it is possible to reach a regime where the long-range interaction

between Rydberg-dressed atoms becomes comparable to the kinetic energy, opening a route to combining

laser cooling with tunable long-range interactions.

DOI: 10.1103/PhysRevLett.120.183401

The strong interactions between Rydberg atoms have led
to numerous experimental breakthroughs in many-body
quantum simulation [1-4], quantum information process-
ing [5-7], and quantum optics [8—12]. To take advantage
of coherent dynamics, these realizations have focused on
timescales shorter than the lifetime of the Rydberg state.
However, there is growing interest in extending the inves-
tigation time of Rydberg ensembles for applications in
quantum simulation and metrology [13-15]. A promising
method is to off-resonantly couple the ground state to a
Rydberg state, resulting in the controlled admixture of
some interacting Rydberg character [16-20]. This Rydberg
dressing approach could enable the realization of super-
solids [21-24], frustrated or topological quantum magnet-
ism [25-28], or spin squeezing for metrology [15,17].
Experimentally, Rydberg dressing has been demonstrated
for two atoms [29] and in optical lattices [3,30], but it
seems to be more challenging in randomly distributed
ensembles due to uncontrolled loss mechanisms [31-34].

In this Letter we introduce a new scheme where Rydberg
dressing is applied to an excited state undergoing sponta-
neous emission (Fig. 1). We show that Rydberg-dressed
atoms can be laser cooled to sub-microkelvin temperatures
and trapped in a magneto-optic trap (MOT), while simul-
taneously acquiring properties of the Rydberg state such as
enhanced sensitivity to dc electric fields. The result is a
hybrid magneto-electro-optical trap controllable by electric
as well as magnetic fields. We show that the Rydberg-
dressed MOT can operate in a regime where the interaction
strength is comparable to the dissipation and the kinetic
energy, and with a lifetime that exceeds that of the Rydberg
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state by a factor of ~70. Although laser cooling of
Rydberg-dressed atoms has been proposed to protect
crystalline phases against dissipative effects [20], active
cooling of Rydberg gases is a relatively unexplored area
[35,36] where interesting physics could arise from the
presence of cooling and the mechanical effect of the
interactions. Examples could include Sisyphus-like cooling
[37,38] induced by the Rydberg-dressed potential or, in the
spirit of antiblockade experiments [39], cooperative cool-
ing where the collective scattering of multiple photons by
groups of atoms dominates over single particle cooling.
The laser cooling and Rydberg dressing scheme is shown
in Fig. 1(a). The goal is to dress the upper state |e) of the
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FIG. 1. (a) A MOT operating on the 689 nm intercombination
transition is dressed by off-resonantly coupling state |e¢) to a
Rydberg state |r). The strong 461 nm transition is used for imaging.
(b) Tmages (i) of the undressed MOT with §/27 = —110 kHz,
(ii) after 5 ms dressing with §/27 = —110 kHz, and (iii) after 5 ms
dressing with 6/27 = +190 kHz. Here, Q/2z =4 MHz and
A/27x = 12 MHz. The dashed line indicates the position of the
undressed MOT.
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cooling transition by coupling it to a Rydberg state |r) with
Rabi frequency Q and detuning A. In the weak dressing limit
Q < A, this creates a new Rydberg-dressed excited state
|2) & |e) —e|r) with dressing fraction e = Q/(2A) that
experiences an ac Stark shift 8,. = A(V1 + 4e* —1)/2.
Unlike previous work [31], the detuning 6 of the cooling
laser is small, such that a significant population is transferred
to state |e).

In addition to the ac Stark shift, two atoms in the dressed
state |é) separated by a distance r experience a dressed
interaction potential [18,21,22] V(r) = V,[1 + (r/R.)%]!
with a peak magnitude V, = 2Q*/8|A|* and a length scale
R, = |C¢/2hA|'/6. Here, Cg4 is the van der Waals coef-
ficient associated with the Rydberg state |r). In our
experiment, R, has typical values of 1 — 5 um. For
reasonable choices of Q and A, §,. and V, typically range
from O to 100 kHz, far smaller than the linewidth of most
cooling transitions.

We circumvent this limitation by using the 5s>'S;, —
5s5p 3P, intercombination line in 38Sr with linewidth
I'/2z = 7 kHz. Thus, V,, is comparable to both the line-
width and the kinetic energy V=~ {Al', kzT}, while the
high MOT density p = 10'?> cm™ means that R, can exceed
the spacing between dressed-state atoms. In this regime,
dressed atoms within a range r < R_. experience a collec-
tive energy shift V.= N.(N.—1)V,/2 [18,21], where
N, = np4xR?/3. This collective enhancement for N, > 1
enables the strongly interacting regime (V./N, > AL, kzT)
to be reached even though the average fraction of atoms in
the excited state # < 0.1 is small (see the Supplemental
Material [40]).

The experiments begin with the formation of a MOT on
the intercombination line; the loading procedure and
apparatus are described in Refs. [49,50]. The MOT was
operated with an intensity per beam of I = 4/,—101,,
where I, is the saturation intensity, resulting in a 1/e?
cloud radii of 30 um [100 um] in the vertical (z) [horizontal
(x)] direction, and the temperature 7, = 800 nK. The trap
forms where the detuning ¢ of the cooling laser matches the
Zeeman shift from the quadrupole magnetic field and the
gravitational sag [51]. As a result, the detuning seen by
the atoms is largely fixed and instead & determines the
cloud shape and position with a sensitivity of ~10 kHz.
To form a Rydberg-dressed MOT, the excited state |e) =
5s5p3P, was coupled to the Rydberg state |r)=
5s536d°D,, for which the interactions are weakly attractive
[52]. The horizontally propagating dressing laser produced
up to 250 mW at 319 nm [53], and it was linearly polarized
in the vertical (z) direction. The 1/e? beam radius was
120 pym (160 um) in the horizontal (vertical) direction, and
the Rabi frequency Q was measured using Autler-Townes
splitting. After dressing for a time 7, the cloud was imaged
at an angle of 30° to the coupling beam via absorption on
the 461 nm transition.

The effect of the dressing laser is shown in Fig. 1(b).
For the chosen parameters €2 = 0.03 and N, = 0.5, such
that the MOT is effectively in the noninteracting regime.
Figures 1(b)(i) and 1(b)(ii) show that the primary conse-
quence of the dressing is a significant vertical shift of the
MOT since the ac Stark shift J,. adds to the detuning &
experienced by the atoms. By simultaneously adjusting the
detuning such that § — § — §,. during the dressing stage,
we compensate for this ac Stark shift, and the MOT remains
at its original position [Fig. 1(b)(iii)]. The vertical shift is
eliminated for a detuning compensation of +300 kHz,
close to the calculated peak ac Stark shift of +325 kHz.
Importantly, the cooling laser is now blue detuned with
respect to the bare transition. Therefore, the compensated
MOT traps only Rydberg-dressed atoms; undressed atoms
outside the dressing beam are observed falling away
[Fig. 1(b)(iii)].

To verify that the Rydberg atoms are laser cooled as well
as trapped, we measured the temperature (using ballistic
expansion) as a function of ¢4, as shown in Fig. 2. Heating
is observed in the first millisecond, but the temperature
subsequently returns to that of the initial undressed
MOT, showing that laser cooling is active during the
dressing. To gain further insight, we adapted the quanti-
tative Monte Carlo simulations described in Ref. [54],
adding the spatially dependent ac Stark shift due to the
dressing beam (see the Supplemental Material [40]). The
simulation is in quantitative agreement with the data, with
the only fit parameter being the position of the dressing
beam relative to the center of the quadrupole magnetic
field, in this case —20 pym below and 60 ym to the side of
the quadrupole center. These simulations showed that the
initial heating arises because the spatial dependence of the
ac Stark shift transiently leads to increased scattering,
as atoms find themselves at the “wrong” detuning. We
confirmed experimentally that the heating depends on the
UV beam alignment, reflecting the sensitivity of the MOT
to small changes in detuning. Cooling then occurs as the
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FIG. 2. Measured (blue diamonds) and simulated (purple
circles) temperature in the vertical (z) direction T, versus t,
for Q/27 =4 MHz, A/2z =12 MHz and &/27 = 190 kHz.
Error bars indicate the standard error of the mean.
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cloud shape adapts to match the new spatially dependent
resonance condition.

An essential aspect of Rydberg dressing is that the dressed
atoms acquire characteristics of the Rydberg state. To show
that this occurs alongside cooling and trapping, we dem-
onstrate that the dressed MOT becomes sensitive to dc
electric fields due to the high polarizability «, of the Rydberg
state. A static electric field was applied in the horizontal
(x, ¥) plane at an angle of 30° to the coupling beam during
the dressing time 7; = 10 ms using segmented ring electro-
des [50]. As shown in Fig. 3(a), the electric field has a drastic
effect on the shape, density, and position of the MOT. At low
field strength [Fig. 3(a)(i)], the dc Stark shift of the Rydberg
state Ay is small [Fig. 3(b)], such that A > {Q, Ay} and the
dressed state picture remains valid. In this case, atoms in |&)
acquire a polarizability given by a, = €a,. For the param-
eters of Fig. 3, a, ~ 1073 Cm? V™!, which is ~10° times
larger than that of the bare 5s5 p3PJ states [55,56]. The
resulting change in ¢ leads to an associated position shift. For
larger fields, Q ~ A — A4, and the variation in ac Stark shift
is associated with population transfer to |r), leading to loss
[Fig. 3(a)(ii)].

As the MOT forms below the center of the magnetic
quadrupole due to gravity, the atoms primarily experience a
vertical magnetic and horizontal electric field. Together
with the laser polarization, this results in stronger coupling
to the 36d |m,| = O state than the 36d |m,;| = 1 state [57].

Electric field (Vem™)

FIG. 3. (a) Measured (blue circles) and predicted (black line)
changes in the vertical MOT position versus the electric field with
t; =10 ms,Q/2z = 4 MHz,and §/27 = —110 kHz. Images (i)—
(iv) correspond to 1.1, 1.6, 2.1, and 3.2 Vcem™', respectively.
(b) dc Stark shift of the |m;| = 1 (dotted black line) and |m;| =0
(purple line) components of the 364 3D, state. The dashed grey
line indicates A/2z = 50 MHz. The vertical lines (red) denote
resonance positions.

However, the slight variation of the magnetic field direction
across the cloud means that atoms in the center and wings
experience different coupling strengths, causing the cloud
to distort. This effect is strongest for values of the electric
field for which A lies between the resonances associated
with the |m;| = 0, 1 components [Fig. 3(a)(iii)]. At higher
field strengths, the sign of the ac Stark shift is reversed
[Fig. 3(a)(@iv)], and the MOT forms above its initial
position. Away from resonances, the shift in the position
of the cloud is in good agreement with that predicted from
the ac Stark shift [Fig. 3(a)], provided that the stronger
coupling to the 36d |m;| = O state is taken into account.
Interestingly, a trap exists for all values of the electric field
for which the dressing beam is sufficiently far from
resonance. The Rydberg-dressed MOT can thus be viewed
as a novel hybrid trap whose size, shape, and position
can be controlled by a relatively weak electric as well as
magnetic field. This enhanced sensitivity to spatially
dependent electric fields could find applications in elec-
trometry for optical lattice clocks [58].

The observation of interactions requires sufficient inter-
action strength V.= V_./(N.A') > 1 to be maintained
over the ~3 ms timescale associated with the atomic
motion (Fig. 2). Measurements of the atom number as a
function of ¢, are shown in Fig. 4(a). For the 5536d°D,
state considered so far, we observe rapid loss with a decay
constant of 0.4 £+ 0.1 ms at short times. Using a micro-
channel plate detector, we determined that this loss is
associated with 1onization [57]. The dc Stark shift due to
ions in the cloud brings the dressing laser into resonance,
leading to enhanced Rydberg excitation and loss. Although
we observed that this effect can be partially suppressed
by applying a dc electric field, a better approach is to switch
to a Rydberg state with the opposite sign of dc Stark shift.
The 5snd?>D, states (for n < 37) have repulsive van der
Waals interactions and a positive Stark shift, such that ions
shift nearby atoms out of resonance with the red-detuned
dressing laser. For the n = 36, 37 states, we clearly observe
reduced trap loss at short times with an electric field-
independent lifetime of 1.2 + 0.5 ms for n = 36, which is
~70 times larger than the measured lifetime of the Rydberg
state (z =18 &1 us). A drawback of working with the
5snd>D, states is that the change in sign of §,. combined
with the Gaussian spatial profile of the dressing beam leads
to weaker confinement (see the Supplemental Material
[40]), limiting the maximum interaction strength we could
achieve to V. = 0.15 (n = 36). This weak confinement
also appears to cause the residual density-dependent decay
at short times. At 7; = 3 ms, 20% of the atoms remain, and
the subsequent decay (lifetime 5 & 1 ms) is compatible
with the decay of the undressed MOT after the UV beam is
switched off [Fig. 4(a)].

Surprisingly, the density [Fig. 4(b)] decays faster
than the atom number. Images of the MOT [the insets of
Fig. 4(b)] show that this is due to a significant horizontal
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FIG. 4. (a) Normalized atom number N/N,_, as a function of

time for the 55364 D, (purple squares), 5536d D, (blue circles),
and 5s37d3D, (black stars) Rydberg states. The solid lines
represent double exponential fits. Shading indicates where the
dressing laser is on (b) density, p, versus time for the 5536d 3D,
(blue circles) and 5s37d3D, (black stars) states. Here, Q/ 2r =
4 MHz, A/2z =12 MHz (5536d°D;) and Q/2z =5 MHz,
A/27x = 30 MHz [55(36,37)d *D,]. (Insets) Images at indicated
times for the 55364 3D, state.

expansion of the cloud during dressing. After the dressing
laser is switched off, the cloud returns to its original size
and the density is largely restored. This expansion is
independent of the principal quantum number over the
range n = 34-37, where we expect N, to vary from 0.7 to
25 [59] and V, to range from 0.2 to 4.7, indicating that it is
not caused by the dressed interaction. Instead, it is due to
the combined effect of radiation pressure forces [60] and
the spatial inhomogeneity of the ac Stark shift (see the
Supplemental Material [40]).

The results shown in Fig. 4 are encouraging. The
achievable values for the lifetime and V, are limited by
the nonuniform intensity of the dressing beam, rather than
by Rydberg excitation. A straightforward way to overcome
these effects is to add beam shaping optics to produce a
uniform intensity profile. With this improvement, the data
in Fig. 4 suggest that the necessary conditions can be
maintained for ~3 ms. So far we have not observed excess
loss due to Rydberg impurities [31,32,34], perhaps because
the spontaneous decay of |&) naturally realizes the strobo-
scopic scheme proposed to overcome the loss in ground-
state dressing experiments [31,34,61].

Last, we discuss possible signatures of Rydberg-dressed
interactions. Previous work has considered the motional
effects in the fully coherent regime [62-64] or, alterna-
tively, dissipation in the frozen gas regime where motion is
neglected [13,65,66]. However, the Rydberg-dressed MOT

operates in a complex regime where the interaction
strength, dissipation, and kinetic energy are all comparable
in scale, limiting the usefulness of common approximations
for such many-body systems. A possible solution is to
combine classical equations of motion with a quantum
jump approach for the internal states [20,67], although for
the many-body case N, > 1 this appears to be demanding.

Instead, we considered a mean-field approximation (see
the Supplemental Material [40]). We account for the many-
body dressed interaction using a step-function approxima-
tion [17,68], resulting in an additional detuning that
depends on the local density of the cloud. By adding this
to our Monte Carlo model, we recursively solve for the
density distribution in the presence of interactions and one-
body loss from the Rydberg state. The results are shown in
Fig. 5 for a uniform intensity 300 x 100 um dressing beam
with power 1 W, for Rydberg fractions €> = 0.007 as in
Fig. 4, and for € = 0.014. The interaction causes a density-
dependent shift in the vertical position of the cloud,
associated with a “bending” since the effect is larger in
the dense central region than in the wings. These changes in
the cloud shape are comparable to those used to study
strong interactions in superfluid systems [69,70]. Since
V. > 1, beyond mean-field effects are also expected. The
interaction leads to strong correlations in the scattering of
neighboring atoms, which are mapped to and from the
motional state of the atoms by the atomic recoil shift, which
exceeds the linewidth I'. These correlations may lead to
novel spatial and dynamical effects not captured by our
model.
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FIG. 5. (a) Vertical slices through the center (x = 0) of the

simulated density distribution for parameters: noninteracting
[V, =0 (the purple circles)], € = 0.007, V, = 2.3 (the blue
diamonds), and €*> = 0.014, V. = 3.4 (the red triangles). The
lines are guides for the eye. Images show the full 2D density
distribution for the (b) noninteracting (V. = 0) and (c) interacting
(V. = 3.4) clouds.
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In summary, we have demonstrated a Rydberg-dressed
magneto-optical trap operating with a lifetime in excess of
1 ms and active laser cooling to sub-microkelvin temper-
atures. The admixed Rydberg fraction enabled the creation
of a hybrid magneto-electro-optical trap that exploits both
the large static polarizability of the Rydberg state and the
long lifetime afforded by Rydberg dressing. The achievable
interaction strength is currently limited by the nonuniform
spatial profile of the dressing beam, which is straightfor-
ward to overcome in future experiments. A simple model
predicts that the Rydberg-dressed interaction should lead to
observable changes to the cloud shape. As such, this work
represents a promising step towards combining laser cool-
ing with tunable long-range interactions.

The data presented in this paper are available for
download [71].
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