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Trapping Rydberg atoms in an optical lattice
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Rubidium Rydberg atoms are laser-excited and subsequently trapped in a one-dimensional optical
lattice (wavelength 1064 nm). Efficient trapping is achieved by a lattice inversion immediately after
laser excitation using an electro-optic technique. The trapping efficiency is probed via analysis of
the trap-induced shift of the two-photon microwave transition 505 — 51.5. The inversion technique
allows us to reach a trapping efficiency of 90%. The dependence of the efficiency on the timing of
the lattice inversion and on the trap laser power is studied. The dwell time of 50D5,2, Rydberg
atoms in the lattice is analyzed using lattice-induced photo-ionization.

PACS numbers: 37.10.Jk, 32.30.Bv, 32.80.Ee

Rydberg-atom trapping has emerged as a tool in quan-
tum computing [1-4] and high precision spectroscopy [5].
Small lattice-induced energy-level shifts distinguish opti-
cal Rydberg-atom traps from static-field traps [6, 7] and
make them attractive for these applications. Electro- or
magneto-static Rydberg traps have trap-induced shifts
of the order of GHz, while shifts induced by an optical-
lattice trap are in the MHz range [8] and could be re-
duced further by lowering atom temperature and lattice
depth. Despite potential applications, efficient optical
lattice traps for Rydberg atoms have not been realized
until now. In this Letter, we demonstrate an optical lat-
tice with high Rydberg-atom trapping efficiency.

The trapping of Rydberg atoms in an optical lattice
arises from the ponderomotive force. In a laser field with
electric-field amplitude E and angular frequency w, the
quasi-free Rydberg electron experiences an energy shift
given by the free-electron ponderomotive potential, V,, =
e2E? /(4mew?) [9], which is equivalent to a polarizability
ap = —e?/(mew?) (e is the elementary charge and me
the electron mass). In an optical lattice, V, is periodic
in space and traps the quasi-free Rydberg electron at
lattice intensity minima. The entire atom is then trapped
since the Rydberg atom’s ionic core is weakly bound to
the Rydberg electron. Adiabatic Rydberg-atom trapping
potentials have been calculated in Refs. [8, 10].

We investigate the trapping of 8°Rb Rydberg atoms
in a one-dimensional optical lattice of wavelength A\ =
1064 nm, for which o, = —4meg x 545a3. For atoms in
the 5S ground state, the lattice is red-detuned relative to
the 5S — 5P transition, resulting in a positive dynamic
polarizability, ass = 4meg x 711ad [11]. Due to the differ-
ent signs of o, and asg, the ground-state lattice poten-
tial minima, which are located at light intensity maxima,
coincide with Rydberg-state potential maxima. Ground-
state atoms are initially laser-cooled into the wells of the
55 lattice potential. Laser excitation of these atoms pro-
duces Rydberg atoms near the maxima of the Rydberg-
atom lattice potential. Previously, we have trapped a few
percent of these atoms in the lattice [12]. In the present
work, we develop a method to rapidly invert the lattice
potential after Rydberg atom preparation. Since the in-
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FIG. 1. (Color online.) Sketch of the experimental setup.
Rydberg atoms are optically excited at potential maxima of
a one-dimensional Rydberg-atom optical lattice. An electro-
optic modulator (EOM) is used to switch the lattice polariza-
tion by 90° from A to B immediately after excitation, result-
ing in lattice inversion and efficient Rydberg atom trapping.

verted potential has minima near the locations of the
initially prepared Rydberg atoms, highly efficient optical
Rydberg-atom trapping is achieved.

The experimental setup is illustrated in Fig. 1. 3Rb
atoms are loaded into a magneto-optical trap (MOT)
with a temperature ~200 uK. The lattice is established
by focusing the 1064 nm beam into the MOT [power up
to 1.2 W, full-width at half maximum of the intensity pro-
file (FWHM) of 13 pm], retro-reflecting and refocusing it.
The lattice is always on and forms wells with depth up to
about 20 MHz for the ground and 10 MHz for the Ryd-
berg state. The center-of-mass atom motion is the clas-
sical regime, and tunneling is unimportant. The focus of



the ingoing beam of the lattice is aligned by maximizing
the lightshift induced in the optical Rydberg excitation.
The return-beam focus is positioned by optimizing the
back-coupling through the fiber shown in Fig. 1. Sim-
ulations, discussed below, yield a best-fit temperature
of ~100 pK for the ground-state atoms in the optical
lattice, indicating that the atoms experience moderate
sub-Doppler cooling when falling from the MOT into the
optical lattice.

In an experimental cycle, the MOT is turned off, and
excitation pulses of duration 7ex = 0.5 us to 2 us are ap-
plied to prepare Rydberg atoms. The lower-transition
laser (FWHM 150 pm) has a wavelength of 780 nm
and is ~1.2 GHz detuned from the 5P/, intermediate
state. The upper-transition laser wavelength is ~480 nm
(FWHM ~15 pm) and is tuned into two-photon reso-
nance with the 55 — 505 transition at lattice intensity
maxima. The optical excitation beams cover about 50
lattice planes, each of which contains up to about 10
ground-state atoms. To avoid Rydberg-Rydberg inter-
action, for all Tex the excitation pulse powers are kept
sufficiently low that fewer than 2 Rydberg atoms are ex-
cited in the entire sample (i.e., the single-atom excitation
probability is below 1% and far from saturation). After
the excitation pulse, the lattice is inverted. The Rydberg
atoms then interact for 6 ps with microwave radiation
that drives the 505 — 515 two-photon transition. Sub-
sequently, the Rydberg-state distribution is measured us-
ing state-selective electric field ionization [13]. The freed
electrons are detected using a micro-channel plate detec-
tor. Reference [12] contains further experimental details.

The lattice inversion is accomplished with an electro-
optic modulator (EOM; Fig. 1). The EOM is used
as a polarization switch that splits the incident total
power P into two orthogonal linear-polarization compo-
nents with variable powers Piyans and P — Pirans, which
are then transmitted to the atoms using a polarization-
maintaining (PM) fiber. The polarization directions are
aligned with the axes of a quarter waveplate in the re-
turn beam of the lattice (see Fig. 1) that introduces a
total differential phase shift of m between the polariza-
tion components. We characterize the lattice inversion
by the parameter 1 = Pyrans/P, which ranges from zero
(no inversion) to 1 (complete inversion). Lattice poten-
tials for selected values of n are depicted in Fig. 2(b). For
the lattice inversion to be most effective, the timescale
over which the inversion occurs must be faster than the
center-of-mass oscillation period of the atoms in the lat-
tice. In our lattice, the oscillation period is ~5 us while
85% of the polarization switch occurs within 0.2 us.

We investigate the Rydberg-atom trapping efficiency
of the lattice through microwave spectroscopy of the
505 — 51S transition. This method exploits the fact
that the lattice-induced shift of the microwave transi-
tion depends on the atomic position in the lattice [12].
Without inversion ( = 0), the microwave spectra exhibit
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FIG. 2. (Color online.) a) Experimental microwave spectra
for P = 0.8 W and optical pulse length 7ex = 0.5 us for the
indicated values of 7 = Pirans/P (spectra offset for clarity).
b) Lattice potentials after inversion vs position for several
of the n-values used in panel (a). The fully inverted case,
n = 1, leads to the strongest blue-shifted signal component,
indicative of most efficient Rydberg-atom trapping.

three features, labeled A, B, and C in the lowermost spec-
trum in Fig. 2(a). The red-shifted feature A is associated
with un-trapped atoms that spend the majority of the
time near a lattice potential maximum. Feature B is due
to un-trapped atoms with trajectories traversing several
lattice wells. The blue-shifted feature C is largely due to
atoms trapped in a single lattice well. Without lattice
inversion, the C-signal is weak, and only a few percent
of the Rydberg atoms are trapped. The case n = 0 is
analyzed in detail in Refs. [12, 14].

In Fig. 2(a) we show microwave spectra for several val-
ues of . As 7 is increased from 0 to 1, the signal shifts
almost entirely into the C-component, which presents a
qualitative measure for the fraction of trapped atoms.
Hence, the n = 1 spectrum demonstrates that the fully
inverted lattice forms a highly efficient Rydberg-atom
trap. The high trapping efficiency occurs because the
Rydberg atoms do not significantly move during the op-
tical excitation pulse length (7ex = 0.5 ps) and the 0.2 us
lattice inversion time. Following the lattice inversion,
the atoms find themselves trapped at a minimum of the
Rydberg-atom trapping potential, despite the fact that
they were initially excited at a maximum of that poten-
tial. Integrating the areas under the B and C-signals in
the curve for n = 1 in Fig. 2(a), we obtain a first esti-
mate of the trapping efficiency of about 80%. However,
we expect this estimate to be too low because the red-
detuned Fourier side peaks of the strong C-component
overlap with the relatively weak B-component.

In order to obtain a more accurate estimate of the trap-
ping efficiency, we perform simulations to model the en-
tire microwave spectrum [12]. In the simulations, initial
positions and velocities of 55 atom ensembles are de-



termined from a Maxwell-Boltzmann distribution in the
ground-state trapping potential (temperature T'). The
optical excitation 55 — 505 is assumed to be resonant
at the lattice intensity maxima, where the 55 atoms col-
lect, and we assume low saturation and an excitation
bandwidth of 3 MHz (the measured width of lattice-free
optical Rydberg resonance lines). The atom-lattice in-
teraction times are randomly chosen between 6 pus and
6 ps+Tex, consistent with the timing used in the exper-
iment. The classical center-of-mass Rydberg-atom tra-
jectories follow from the trapping potential calculated
for the Rydberg levels [10]. The microwave-driven quan-
tum evolution in the internal state space {|505),]515)}
is computed along these trajectories by integrating the
time-dependent Schrodinger equation. In Fig. 3, we show
theoretical spectra obtained for our experimental condi-
tions, as well as 100 typical Rydberg-atom trajectories
for the cases n =0 and n = 1.
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FIG. 3. (Color online.) a) Simulated microwave spectra for
the indicated values of n = Pirans / P and the same conditions
as in Fig. 2. b) Simulated atomic trajectories for the cases
of no inversion (bottom) and complete inversion (top). The
Rydberg-atom trapping potential is shown in the background
on a scale from 3 MHz (white) to 15 MHz (dark).

Most parameters in the simulation have values known
from the experiment. The Rabi frequency of the mi-
crowave transition is set to a fixed value at which the on-
resonant 505 — 515 transition probability is 50% when
the lattice is off (as in the experiment). The measured
powers of the incident and return lattice beams and the
measured FWHM diameter of the incident lattice beam
(13 pm) are also entered as fixed values. The only free
fit parameters of the simulation are the initial atom tem-
perature T and the FWHM diameter of the return lattice
beam, w,, which could not be measured.

Excellent agreement between experimental and simu-
lated microwave spectra is found for w, = 25 pm and
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FIG. 4. (Color online.) Effect of varying excitation pulse
length 7ex and lattice power P on trapping efficiency for n = 1
(complete lattice inversion). a) Varying 7ex at fixed P =
0.8 W. b) Varying P at fixed 7ex = 0.5 ps.

T = 100 pK (used in Fig. 3), with respective estimated
uncertainties of 2 um and 20 uK. For these parameters,
we find that 90% of the atoms are trapped in the fully
inverted lattice (n = 1). We have studied how sensitive
this result is to these parameters. Over a temperature
range of 40 uK to 300 upK, the trapping efficiency de-
creases approximately linearly from 99% to 64%, with
all other parameters unchanged. Variation of w, from
13 pum to 40 pm leads to a linear drop of the trapping
fraction from 95% to 84%. Hence, the temperature T
affects the Rydberg-atom trapping efficiency the most.
We believe that w; is larger than the FWHM diameter
of the incident beam because of cumulative aberrations
caused by the optical components in the retro-reflection
beam path (see Fig. 1).

Experimental microwave spectra for selected values of
Tex and n = 1 are shown in Fig. 4(a). As 7o is increased,
the C-signal in the microwave spectra diminishes while
the B-signal grows. Lower values of 7oy therefore result
in higher trapping efficiencies. This is because Rydberg
atoms are excited at random times during the excitation
pulse; however, the lattice is not inverted until the com-
pletion of the excitation pulse. For shorter 7.y, the Ryd-
berg atoms have, on average, less time to slide down the
lattice potential wells before the lattice is inverted. The
atoms then gain less kinetic energy, resulting in better
trapping.

In Fig. 4(b), we show microwave spectra for several
values of P. The detuning of the C-peaks scales linearly
with trap laser power, as expected. For the three lowest
powers, the spectral signal is almost entirely in the C-
component, indicating efficient Rydberg-atom trapping.
For the highest power of 1.2 W, the emerging B-signal
indicates a loss in trapping efficiency. Simulations anal-



ogous to the ones in Fig. 3 show that this loss is in part
due to a temperature increase of the optically trapped
ground-state atoms to about 160 pK. We attribute the
temperature increase to a deterioration of laser cooling,
as the red-detuning of the MOT cooling light approaches
ten linewidths in the lattice potential wells. Also, as
P is increased, the excited atoms (partially) slide down
steeper lattice potential wells before lattice inversion.
Therefore, the kinetic energy that the atoms gain be-
tween optical excitation and lattice inversion increases
with P. The simulations show that this effect is notice-
able even at Tex = 0.5 ps. As a result of both effects, the
kinetic energy of the Rydberg atoms is higher in deeper
lattices, leading to reduced Rydberg-atom trapping efli-
ciency.

To study lattice-induced photo-ionization (PI), which
could be a concern in applications, we have measured the
Rydberg atom number as a function of delay time be-
tween excitation and detection. For 505 Rydberg atoms,
measurements with and without optical lattice show ex-
ponential decays with identical lifetimes of 100+15 us.
Hence, there is no PI and the decay is entirely due to nat-
ural decay and decay induced by black-body radiation.
The measured decay times are in line with anticipated
values [15]. The absence of measurable PI reflects the
low PI cross section of S Rydberg levels of Rb. Refer-
ence [16] shows a PI cross section of about 45 barns for
the 505 state, while we have calculated 65 barns. Un-
der our conditions, these cross sections translate into PI
rates < 100 s~!, which are too small to be detectable. For
comparison, we have studied the decay of 50D5,5 Ryd-
berg atoms, for which both Ref. [16] and our calculations
show a PI cross section of about 1.3 x 10* barns. Here,
we observe clear evidence of PI. Figure 5 demonstrates
that 50 D5/ atoms in the lattice decay considerably faster
than atoms without lattice. Also, PI occurs faster with-
out lattice inversion (n = 0) than with inversion (n = 1).
The latter observation is readily explained by the fact
that the lattice inversion places the atoms at a lattice
intensity minimum immediately after excitation, where
the PI rate is lower.

To estimate the typical trapping time of Rydberg
atoms in the lattice, we measure the ratio F(t) of the
Rydberg atom number with the lattice on divided by the
number with the lattice off for the 50D5,y state. F'(t)
drops from an initial value of 1.0 to asymptotic values
that are reached when all Rydberg atoms have either
photo-ionized or have moved out of the lattice. Hence,
F(t) allows us to estimate the Rydberg atom dwell time
in the lattice. Inspecting Fig. 5(c), we estimate dwell
times of about 15 us for 7 = 0 and somewhat larger val-
ues for n = 1. In the inverted case, the dwell time is
expected to be longer because the PI rate is lower and
because the atoms leave the lattice more slowly, as there
is a smaller transverse gradient force pushing them out
of the lattice.
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FIG. 5. (Color online.) Measurements of lattice-induced

photo-ionization of 50D5,, Rydberg atoms in an optical lat-
tice (P = 0.8 W). Atom number vs time after excitation with-
out (black squares) and with lattice (red circles) for n =0 (a)
and n = 1 (b). The data without lattice are fitted with an
exponential function (lifetime 100£15 us). ¢) Symbols: ratios
F(t) obtained from the experimental data in panels (a) and
(b). Lines: simulation results.

Using the known trapping potentials [10], PI cross sec-
tions, and lattice-free decay rates, we have simulated the
lattice-induced dynamics of 505 and 50Ds,, Rydberg
atoms over 200 us, taking decay processes into account.
We find that the 505 and 50D5/, atoms exhibit similar
dwell times of several tens of us in the lattice. As seen
in the experiment, the 50D5/, atoms undergo some PI-
induced decay while they move out of the lattice. PI is
insignificant for the 505 atoms. Simulated curves F(t),
included in Fig. 5(c), qualitatively agree with the experi-
mental results. We attribute the deviations at late times
to unaccounted-for reduction in PI cross section, which
occurs when atoms transition from 50 D55 into neighbor-
ing P- or F-states (mainly due to black-body radiation).

We have shown that a lattice inversion technique en-
ables Rydberg-atom trapping in a red-detuned optical
lattice with 90% efficiency. The trapping efficiency is ex-
pected to approach 100% after reduction of the initial
atom temperature. Current work focuses on the attain-
ment of three-dimensional trapping and long Rydberg
atom dwell times in the lattice by the addition of axial
confinement. We can expect a trapping time identical to
the Rydberg-atom decay time (=~ 100 us for 50S), which
would be long enough for a sequence of gate operations
in quantum information applications or for high-precision
spectroscopy applications.
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