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Preparation of ultracold atomic-ensemble arrays using time-multiplexed optical tweezers
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We use optical tweezers based on time-multiplexed acousto-optic deflectors to trap ultracold cesium atoms in
one-dimensional arrays of atomic ensembles. For temperatures between 2.5 4K and 50 nK we study the maximal
time between optical tweezer pulses that retains the number of atoms in a single trap. This time provides an
estimate of the maximal number of sites in an array of time-multiplexed optical tweezers. We demonstrate
evaporative cooling of atoms in arrays of up to 25 optical tweezer traps and the preparation of atoms in a box
potential. Additionally, we demonstrate three different protocols for the preparation of atomic-ensemble arrays
by transfer from an expanding ultracold atomic cloud. These result in the preparation of arrays of up to 74 atomic

ensembles consisting of ~100 atoms on average.

DOI: 10.1103/PhysRevA.106.022604

I. INTRODUCTION

“Optical tweezers” is a common name for steerable opti-
cal dipole traps. In cold-atom experiments optical tweezers
are used for painting arbitrary static and dynamic potentials.
This includes creating arrays of optical tweezers at arbi-
trary positions [1-4], moving of such optical traps [5-8],
and painting box, ring [9], and other shapes of optical po-
tentials. The positional control of the traps can be achieved
with several different methods: using acousto-optic deflectors
(AODs), spatial-light modulators (SLMs) [10,11], or digital
micromirror devices (DMDs) [1,12,13]. In this work we focus
on optical tweezers based on AODs.

Deflection of a laser beam on an AOD is controlled by the
frequency of the drive signal. When creating multiple optical
traps or painting an arbitrary potential, AODs can be used
in two different ways by (i) using continuous multifrequency
driving, where the AODs are simultaneously driven with all
frequencies corresponding to trap positions [2,14,15], and
(ii) using the time-multiplexed approach, where only a single
frequency is applied at a time but the frequencies are rapidly
switching to create a time-averaged optical potential [9,16—
18]. The use of the latter approach is studied in this article.

In our experiments the optical traps are created at the inter-
section of optical tweezers with a dimple beam. In principle,
a single-axis AOD would allow control of the position of
the tweezers along the dimple; however, that would call for
perfect alignment of the AOD axis with the dimple beam
[2]. We use a two-axis AOD which allows us to control the
position of optical tweezers in two dimensions. In the case of
two-axial AODs the multifrequency approach creates “ghost”
traps, which lie outside the dimple beam, causing a loss of
optical power into the unused traps [19]. Because of the ghost
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traps multifrequency driving cannot produce an arbitrary po-
tential in two dimensions, but with time multiplexing an
arbitrary potential can be painted [20,21]. For potentials with
a suitable symmetry, a combination of the multifrequency and
time-multiplexed approaches can be implemented [22].

Preparation of ultracold atomic-ensemble arrays is moti-
vated by the possibility of using them as quantum simulators
using Rydberg atoms. Previously, this type of quantum simu-
lation was performed using arrays of single atoms [2,3,23,24],
but it is also possible to use collective excitations in ensembles
of a few hundred atoms [1,25,26]. With ensembles the prepa-
ration and detection of Rydberg states can be significantly
faster than with single atoms [27].

We demonstrate four different methods of preparing a one-
dimensional array of atomic ensembles in time-multiplexed
optical tweezers. The first method is based on loading the traps
directly from the large dipole trap and performing simultane-
ous evaporative cooling with them. In the other three methods
the first step is evaporative cooling of an atomic cloud in the
dimple trap. It is followed by different forms of expansion of
the atomic cloud along the dimple beam and trapping into an
array of optical tweezers.

In addition to optical tweezer arrays, optical tweezers are
also used for the preparation of arbitrary time-averaged and
dynamic potentials. These can be used to perform experiments
with solitons [5,28] or to prepare condensates in different
shaped traps [29]. In this work we present examples of paint-
ing a box potential and a one-dimensional harmonic potential.
As an example of a dynamic time-averaged potential, we
present splitting of atomic ensembles.

II. EXPERIMENT

We prepare cold '33Cs atoms by laser cooling with the
standard procedure described in detail in Ref. [30]. All exper-
iments presented in this article start with 3 x 10 atoms in a

©2022 American Physical Society
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FIG. 1. Experimental setup schematically showing the optical
tweezers. The position of the optical tweezers’ focal plane is
controlled by the position of a lens before the AODs. The two-
dimensional position of the optical tweezers is controlled by the
AODs. The optical tweezers cross the horizontal dimple beam inside
the experimental vacuum chamber. The guide beam (not shown) is
perpendicular to the page.

large dipole trap, cooled to 2 uK. For evaporative cooling we
use a small dipole trap inside the large dipole trap. It is created
by crossing two laser beams that we call the dimple beam and
the guide beam. The dimple beam has a 1/¢? radius of 32 um,
and that of the guide beam is 60 um. Instead of the guide
beam, we can use optical tweezers. Our experimental setup
with commercial optical tweezers (Aresis, CALM 1064) and
the dimple beam is illustrated in Fig. 1. The radius of the op-
tical tweezers beam waist is wg &~ 2.1 um, and the Rayleigh
length is zgp & 13.0 um. To create a trap that holds the atoms
against gravity the tweezers have to be combined with another
beam. In all our experiments with optical tweezers the traps
are created by crossing a tweezer beam with the dimple beam.
The position of the optical tweezers is optimized so that they
are centered with the dimple beam. This is important because
misalignment of the two beams leads to leakage of atoms from
the trap [19]. The accessible area of our optical tweezers is
1.7 mm x 1.7 mm, and we calibrate the AOD drive amplitude
so that the intensity of the tweezers is independent of the trap
position. Our optical tweezers setup features an additional lens
that can move the tweezers’ beam waist, as shown in Fig. 1.
For experiments in sections A and B the crossing of optical
tweezers with the dimple beam is approximately 14 um from
the tweezers’ beam waist, where the radius of the optical
tweezers’ beam is 3.1 um. For experiments in section C, the
tweezers are used at the beam waist.

A. Temperature dependence of the maximal trap switching time

We prepare an array of optical tweezers traps by time mul-
tiplexing with the switching frequency v = 100 kHz, which is
the upper limit for our optical tweezers. This means that each
trap is active for only 10 us in each cycle, and then it is off
for . = 1v74’ where N is the number of traps in the array.
That is why we first characterize the dependence of 7, on the
temperature. This gives us an estimate of the number of traps
in an array that would efficiently trap an atomic ensemble at a
given temperature.

We start by transferring atoms from the large dipole trap
into a single optical tweezer trap in which we then evapora-
tively cool the atoms. First, the power of the tweezers and
dimple beam is linearly ramped up for 1500 ms. Then, we hold
the power for 400 ms to let the atoms thermalize. Afterwards,
we turn off the large dipole trap and start the evaporation cool-
ing. The power of the beams is ramped down exponentially
(Tdimple = 0.625'S, Tiweezers = 1'8) for evaporation time feyqp,
asymptotically approaching 6.8% (dimple) and 5% (tweezers)
of the maximum power. After 2s of evaporation, we start
with an additional exponential ramp down of the magnetic
field gradient, which contributes to more efficient evaporative
cooling [30]. We measure the temperature of the atoms as
a function of the evaporation time fe,p [Fig. 2(a)]. After 3 s
of evaporation, the atoms form a Bose-Einstein condensate
(BEC), which can be seen from the standard time-of-flight
measurement.

To estimate the maximal possible number of traps in an
array, we measure the maximal time between optical tweezer
pulses that retains the number of trapped atoms and its
dependence on the temperature of the atoms. During the evap-
oration, the optical trap is switched on and off with 100 kHz;
the trap is on for 10 us and then off for 10 us. After a given
evaporation time fey,p, We stop the evaporation by keeping the
trap powers constant. The tweezer trap is then switched on and
off with pulses of length #,, o and a 50% duty cycle. In this
way the time-averaged power of the trap is independent of the
fon-off When using the same amplitude. We measure the number
of atoms that are retained in a pulsing trap after 100 ms as a
function of 7,,.ot. An example of this measurement is shown
in Fig 2(b). The number of atoms is constant for sufficiently
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FIG. 2. Characterization of multiplexing. (a) Temperature of the atomic cloud as a function of the evaporation time in a single optical
tweezer trap. The vertical dashed line marks the start of the magnetic-field-gradient ramp down. (b) An example of a #,,,x measurement (feyap =
2700 ms), showing the number of atoms retained in the trap for different 7, of. fmax 1S determined as the time for which the number of retained
atoms rapidly drops. (c) Maximal time #,,,x between optical tweezer pulses that maintains the number of atoms in the trap as a function of the

temperature and the linear fit to the measured data.

022604-2



PREPARATION OF ULTRACOLD ATOMIC-ENSEMBLE ...

PHYSICAL REVIEW A 106, 022604 (2022)

short #,,.off, and it drops off to zero at time #,,,x. The colder the
atom cloud is, the longer #ax iS.

max 18 determined by the velocity of the atoms and the size
of the optical tweezer trap. For the atoms to be recaptured with
the next pulse, the average distance d an atom travels in time
fon-off has to be smaller than the effective radius of the trap w
[31,32]. We calculate d as

[2kgT
d: 5 ton»of‘f’ (1)
m

where /2kgT /m is the average (rms) velocity of an atom of
an ideal gas in two dimensions at temperature 7. kp is the
Boltzmann constant, and m is the mass of a cesium atom.
We use the two-dimensional average velocity because atoms
escape the optical tweezers only in the radial direction. Since
the dimple beam is approximately 10 times wider than the
tweezers, we can neglect its effect on this process. From

Eq. (1) we can conclude that t,,, is proportional to 7~!/2 as
m
Imax = 2
a s T w )

Here we assume that the effective trap radius w is constant.
We plot . as a function of 77'/2 in Fig. 2(c). The linear
fit to the data gives us an estimate of the effective radius of
the optical tweezers w = 1.8(1) um. The deviation of the
measured f,,x from the model could be explained by the
dependence on the trapping width on the optical power, the
effect of the dimple beam, and the magnetic field gradient,
which additionally deforms the trap geometry.

B. Loading of an array and a box potential directly
from the dipole trap

The simplest method of preparing an array of atomic en-
sembles with optical tweezers is simultaneous evaporation in
the optical tweezers. The protocol for evaporative cooling is
identical to the one presented in Sec. Il A, except for the
larger number of optical tweezer traps. We observe that the
distribution of atoms in the array reflects the atom-density
profile of the dipole trap. We were able to achieve more
uniform filling by adjusting the power in the tweezers to a
V profile; traps on the edge of the array have more power
than those in the middle. Examples of arrays created with a
uniform strength profile and a V profile are shown in Figs. 3(a)
and 3(b). The largest array we are able to prepare by trapping
directly from the large dipole trap has 25 atomic ensembles.
As shown in Fig. 3(c), the variance of the number of atoms per
trap is relatively large. This method is similar to experiments
in Ref. [18], where evaporative cooling to a BEC in four
time-multiplexed optical traps was achieved. In contrast to our
method, the atomic clouds for evaporation were prepared with
splitting.

Splitting of the atomic ensembles can also be done after
the evaporative cooling, as a way to achieve a higher number
of traps in an array. The atoms are cooled in a smaller array,
and then the number of array sites is doubled by splitting the
atomic ensembles [19]. Figure 3(d) shows the splitting of an
array of 5 traps into 10. The splitting starts after 2800 ms of
evaporation and is finished in 100 ms. The tweezers’ trajec-
tories are linear. The challenge with splitting is ensuring an
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FIG. 3. Arrays loaded directly from a dipole trap. (a) An absorp-
tion image of atoms in an array of 20 tweezers of equal intensity.
(b) Atoms in an array of 20 sites with a V-shaped profile of tweezer
intensities. All other parameters are the same as in (a). The red
bars illustrate the intensities of the optical tweezers. (c) Absorption
image of a 25-site array of atomic ensembles in optical tweezers,
loaded directly from the large dipole trap. The image is an average
of 10 realizations. Below, we plot oy,/+/N, and N,, where oy, is
the variance of the number of atoms within each trap determined
from 10 measurements, and N, is the average number of atoms in
each trap. The dashed line marks oy, /+/N, = 1, which represents
the Poissonian distribution of the number of atoms in each trap.
(d) Splitting of 5 atomic ensembles into 10. Absorption images taken
at 10-ms intervals of the 100-ms splitting. All images use the same
color bar, except (c), where the same colors correspond to optical
densities from 0O to 0.2. The optical tweezers are time multiplexed
with a frequency of 100 kHz. This means that each trap is active for
10 us, and its duty cycle is 1/N, where N is the number of traps
forming the array.

even distribution of atoms in the split traps, which can be
achieved by precise tuning of the traps’ position and inten-
sity. Additionally, the splitting could be improved by using
a minimum-jerk cost trajectory of the tweezers, as done in
Ref. [19].
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FIG. 4. Characterization of the number of traps forming the potential for preparation of cold atoms in a line box-shaped potential. (a) The
number of atoms after 3000 ms of evaporation in a box-shaped potential as a function of the number of traps N forming the box. (b) The
number of atoms in a box potential after 2800 ms of evaporation in an array of five tweezers and an additional 400 ms of evaporation in a
box potential formed by N tweezer traps. (c) Absorption image (color bar in Fig. 3) and the linear density profile p of atoms in a box-shaped
potential, prepared with a transfer from 5 to 40 sites. Average of 10 measurements.

If the distance between the traps in the array is smaller than
the width of a trap, they form a box potential. We measured
the number of atoms in an array of N traps that span 185 um
after 3000 ms of evaporation. The measured number of atoms
as a function of the number of traps is shown in Fig. 4. For
N < 15 the number of atoms increases with the number of
traps. This is because the traps are separate and an additional
trap can trap additional atoms. For N > 20, we see a drop in
the number of atoms. Here the traps still do not form a box
potential, but the number of trapped atoms decreases due to
larger #,gf.

If we wanted to prepare a larger box potential, we would
need a larger number of traps, but that also leads to higher 7.,
which has an adverse effect on trapping. However, the lower
the temperature of the atoms is, the larger the number of traps
that we can use is. This gives the idea of cooling the atoms
in an array with a lower number of traps and then, when the
atoms are sufficiently cooled, switching to a larger number of
traps that cover the same area, forming a box potential. For
example, we start by evaporatively cooling atoms in an array
of five optical tweezer traps. After 2800 ms of evaporation
the temperature is 48 nK. We then switch to an array of N
tweezers and keep the power of the beams constant for 400 ms
to let the atoms cover the 185-pum box potential. Figure 4(c)
shows an example profile of a filled box potential. Figure 4(b)
shows the final number of atoms as a function of N. For small
N we see the same effect as with loading directly into a box
potential: the traps are separated, and the number of atoms
increases with the number of traps. For more than 100 traps,
the number of atoms starts decreasing. This is the regime were
the trap separation is the same as the trap radius and the traps
truly form a box potential. The number of atoms decreases
with N due to the larger t,¢. With more than 400 traps no
atoms are trapped in the box potential. This is due to atom
losses at the edges of the box potential if the traps at the edges
are not repeated with a high enough frequency.

C. Loading from the dimple trap

We see that for creating larger atomic-ensemble arrays
lower temperatures of atoms are needed. This is why we
developed alternative methods of preparing atomic-ensemble
arrays. In these methods, the atoms are first cooled in the

crossed dimple and guide trap and then transferred into an
array of optical tweezers. However, the transfer can lead to
unwanted oscillations of the atomic ensembles inside the op-
tical traps. We present three different protocols that tackle this
problem in different ways.

The first protocol starts after 4500 ms of evaporative cool-
ing (atoms in the BEC), when the guide beam is slowly
turned off, which allows the atomic cloud to expand along the
dimple beam. The power of the guide beam is decreased as a
hyperbolic tangens from the initial power to zero in 1500 ms.
This ensures slower expansion of the atomic cloud as opposed
to a sudden switching off of the guide beam. We allow the
cloud to expand for an additional 100 ms and then turn on
an array of 10 optical tweezer traps that spans 215 um. We
will refer to this method as protocol A. The resulting array of
10 atomic ensembles is shown in Fig. 5(a). In the image, 11
bunches of atoms can be seen. The 10 bunches on the right
side correspond to atoms trapped by the optical tweezers, and
the remaining one in the leftmost position is the untrapped
atoms.

The drawback of protocol A is that the filling of the tweez-
ers is intrinsically nonuniform because it is determined by
the distribution of atom velocities that is mapped onto their
positions by the expansion. This also means that the atoms
that we attempt to trap at the edges of the array have a higher
velocity. This additionally decreases the number of trapped
atoms and induces oscillations of atoms inside the traps. We
observed that the atomic clouds oscillate inside all the tweezer
traps. This is shown in Fig. 5(a), where we plot the linear
density of the atoms as a function of time.

We aim to reduce the motion of atoms due to expansion
with protocol B. Here we instantly turn off the guide beam
after 3000 ms of evaporation and then paint a harmonic poten-
tial with optical tweezers. The harmonic potential is painted in
1000 points on a span of 900 um along the dimple beam, and
it is centered around the position of the crossed dimple trap.
The breathing oscillation of the atomic cloud in the painted
harmonic potential is shown in Fig. 5(b). The frequency of
the oscillation is 2.8 Hz. After 180 ms, which is half of the
oscillation, the atoms are at the maximal amplitude and have,
in principle, zero velocity (if the center of the harmonic poten-
tial is perfectly aligned with the initial position of the atoms).
This is when we stop painting the harmonic potential and
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FIG. 5. Arrays loaded from a dimple trap using one-dimensional
time of flight or expansion in a harmonic potential. Protocol A: load-
ing the tweezers from an expanding cloud. (a) The linear density of
the atomic ensembles in an array of 10 optical tweezers as a function
of time after the optical tweezers are turned on. A breathing-mode
oscillation can be seen. Protocol B: expansion of the atomic cloud
in a painted harmonic potential and switching to an array of optical
tweezers after half the breathing oscillation. (b) The oscillation of the
atomic cloud in the painted harmonic potential and (c) the resulting
array (optical density image and the normalized variance oy, /+/N,).
Protocol C: ramping the optical tweezer array power and position
with the expansion of the atomic cloud. (d) and (e) The results of
protocol C with 60 and 80 traps (74 filled), respectively. (c)—(e) show
an average of 10 realizations of the experiment, and the variance is
determined from the same 10 measurements. The color bar is the
same as in Fig. 3.

instead paint an array of 40 optical tweezers to capture the
atoms. The strength of the tweezers is ramped for 100 ms,
after which we image the atomic-ensemble array. Ramping of

the optical tweezer power results in fewer oscillations in the
tweezers compared to a sudden switch to traps at full power.
The result is shown in Fig. 5(c). All 40 traps are occupied,
but the occupation of the edge traps varies more than that of
the middle traps, where it even reaches the Poissonian limit
ON, = VN,

In protocol C, we instantly turn off the guide beam after
3000 ms of evaporation (the temperature of the atomic cloud is
~T70nK) and start the 200-ms ramp up of the optical tweezer
power. We start with all the traps in the center and then,
during the ramp up, linearly expand the array to the final
span of 1100 um. This is approximately the same rate as the
expansion of the atomic cloud in the absence of tweezer traps.
In this way, we follow the motion of the atoms and therefore
avoid exciting oscillations in the trap. An example of an array
of 59 atomic ensembles prepared using this protocol is shown
in Fig. 5(d). The image is taken at the end of the expansion.
We were able to achieve larger arrays with shorter evapo-
ration times. Because of the higher temperature, the rate of
expansion is higher, allowing for a larger array. For example,
Fig. 5(e) shows an array of 74 filled traps, out of 80 optical
tweezers, where the time of evaporation was shortened to
2900 ms, corresponding to ~100 nK at the end of evaporation.
In this case, the number of filled traps in the array is not
limited by temperature but by the rate of expansion, resulting
in a larger number of filled traps at the higher temperature.
Like in protocol B, the variance is larger at the edges of the
array and is about oy, /+/N, = 1 in the middle of the array.

III. DISCUSSION AND CONCLUSIONS

Comparing toi = 1% to the measured #;,,x at a given
temperature gives us an estimate of the maximal number N
of traps in an array that would still efficiently trap atoms at
that temperature. The observed maximal number of traps is
higher. This can be understood through the effect of neigh-
boring traps; if an atom escapes from a certain trap, it is not
necessarily “lost” because it can be captured by a neighboring
trap. We note that the temperature of the atoms is not the
only limiting factor for the number of traps. The size of
the array is also limited by the available trap power and the
maximal possible switching frequency. For very large arrays
the available optical power would need to be increased to
ensure sufficient effective trap depths. The trap frequency sets
a constraint on the number of traps in an array at a given
switching frequency. This is due to parametric heating that
occurs when the frequency of the multiplexing seen by the
atoms is close to the trap frequency [17]. In our case, the trap
frequencies used in Sec. Il A are at most 215 Hz at the start
of evaporation and 100 Hz after 3 s of evaporation, which is
much lower than the frequencies of on-off switching at which
we observed the loss of atoms.

The arrays presented in this work have a high variation in
the number of atoms per trap inside an array. In Sec. IIB
we demonstrate that the homogeneity of the trap filling can
be improved by adjusting the power of the traps. We used
a simple V profile of trap intensities. To achieve even more
uniform filling, we propose fine tuning of individual trap
power. In Ref. [9], atom-density images were used to correct
the intensity profile of a time-averaged ring trap to achieve
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homogeneous filling of the trap. We plan to implement a
similar technique to prepare arrays of atomic ensembles with
an even distribution of atoms in the array sites.

V profiles and tilted profiles were used in measurements in
Sec. II B and for protocol C to achieve a more uniform filling
of the arrays or the box potential. In some cases, the sequence
of multiplexing was also important: the atoms distributed over
the array differently if the optical tweezer traps were multi-
plexed from left to right or from right to left. For protocols A
and B it was best to use a random permutation of the array
sites.

In addition to the uniform filling of the array sites, the
variance of atom numbers inside individual traps is also im-
portant for applications of atomic-ensemble arrays such as
quantum simulation. In Ref. [1] a sub-Poissonian variance
of the occupation number of a single trap inside an optical
tweezer array was observed. Our measurements show above
Poissonian distribution for direct loading into optical tweezers
and close to Poissonian distribution for protocol C, but only
for the central part of the array.

The repeatability of loading directly from the dipole trap is
worse than the repeatability of protocols A, B, and C. This
is probably mostly due to the higher initial temperature of
the atoms, which also limits the observed maximal number of
traps in the array to only 25. The advantage of direct loading
is that the intrinsic distribution of atoms within the array is
determined only by the density of the atoms in the dipole trap
and the mean velocity of the atoms is zero across the whole
array. This is in contrast to protocols A, B, and C, in which
the uneven distribution of atoms is caused by the expansion

determined by the initial velocity distribution. In protocols A
and C the mean velocity of atoms at the positions of the traps
is, in general, nonzero because we are trapping an expanding
atomic cloud. Therefore, protocol A causes oscillations within
the trap that can be avoided by stopping the expansion, as done
in protocol B. Protocol C is the most promising in terms of the
achieved size of the array. However, for this protocol we show
the distribution of atoms only during the expansion, but the
atoms will oscillate like in protocol A if we suddenly stop the
expansion of the optical tweezer array. It is possible to avoid
inducing the oscillations by slowly stopping the expansion.

This article provided an analysis of time-multiplexed opti-
cal tweezers and presented the limitations that the temperature
of the atoms sets on the number of array sites. We con-
clude that, close to the BEC critical temperature, an array of
about a hundred atomic ensembles could be prepared with
the proposed improvements regarding trap intensities. The
arrays can be of an arbitrary geometry in a plane, not only
in one dimension, if combined with a light sheet instead of
a dimple beam. Furthermore, time multiplexing can be used
in combination with multifrequency driving or even DMDs
or SLMs to achieve hundreds of traps that could be used for
quantum simulators.
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