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Abstract: We studied a single atom trapped in an optical tweezer interacting with a thermal bath
of ultracold atoms of a different species. Because of the collisions between the trapped atom and
the bath atoms, the trapped atom undergoes changes in its vibrational states occupation to reach
thermal equilibrium with the bath. By using Monte Carlo simulations, we characterized the single
atom’s thermalization process, and we studied how this can be used for cooling. Our simulations
demonstrate that, within known experimental limitations, it is feasible to cool a trapped single atom
with a thermal bath.
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1. Introduction

One of the current goals in physics is to fully understand the thermodynamics of
quantum systems [1]. The understanding of how open quantum systems behave thermody-
namically is especially important, as it could be the key to unveil how classical mechanics
emerges from the quantum, and will help the development of quantum technologies. The
paradigmatic model of open quantum systems is the spin-boson model [2,3], i.e., a system in
which a single two-level particle interacts with a thermal bath of harmonic oscillators. In
this work, we considered an experimentally implementable extension of such a celebrated
model: a single atom trapped in a harmonic potential interacting with a bath of ultracold
atoms of a different species.

Ultracold atoms are highly controllable and versatile systems that can be used to
simulate a large variety of quantum phenomena [4,5]. Optical tweezers are emerging as one
of the most promising and powerful tools for quantum simulations with cold atoms [6-8],
and have been recently proposed as a platform to study quantum thermodynamics and
implement single atom engines [9]. In the latter system, a single atom interacts with a
thermal bath and undergoes various thermodynamic cycles. One or more of the strokes
of these engines involves the thermalization of the single atom with a bath of atoms of a
different species. With an eye to such quantum engines, we simulated the interaction of a
single atom in an optical tweezer with a thermal gas of atoms trapped in a macroscopic
trap. The thermalization process studied here could also be used as an alternative method
to cool single trapped atoms and bring them to the ground state of their tweezer potential,
which can currently be accomplished only with laser cooling [10].

The article is organized as follows. In Section 2, we describe our system and provide
the theory that we have used to simulate our system. In Section 3, we provide the results
of a Monte Carlo simulation where we show how the thermalization rates vary and how
the trapped atom interacts with a bath of atoms undergoing evaporative cooling. Section 4
is devoted to the conclusions.
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2. The System

The system under study is pictorially represented in Figure 1. A single atom is
trapped in an optical tweezer and interacts with a cloud of thermal atoms. Our aim was
characterizing how the interaction with the bath leads to the thermalization of the single
atom, meaning that it reaches the Gibbs state G(T) = 1/Z Y., e /8T, with Z the partition
function, E,; the energy of the nth level, k p the Boltzmann’s constant and T the temperature
of the bath. Therefore, in the following, we refer to the the temperature of the single atom T4
as the temperature associated with G(T4).

For a single atom in an optical tweezer, when the trap depth is significantly greater
than the temperature of the atom, we can approximate the tweezer as a three-dimensional
harmonic trap. Since optical tweezers are produced with a single beam, they are character-
ized by a strong anisotropy, with the axial direction of propagation of the beam providing a
weaker confinement than the radial directions. In addition, we consider the bath as made of
thermal bosonic atoms. After a collision with the bath atom, the trapped atom can undergo
a change in the vibrational level it occupies. Which level it goes to depends on the overlap
of the initial and the final wavefunctions. If the atom changes its vibrational state from
n = (ny,ny,ny) tom = (my, my, my), the relative rate is given by [11,12],

e o 22
Yum = C / dt / dkdk'n (k) (n (k") +1)|T(n,m,k,k’)\2e(2m3 2 +W)f_ )

where C is a constant common to all the rates, k and kK are the wavevectors of the bath
atom before and the after the collision, mp is the mass of the bath atom, w is the tweezer
radial trapping frequency, & = (ny — my) + 1y (ny — my) + 1. (ny — my), n, /1 is the aspect
ratio of the trap, n(k) is the number of bath atoms with wave-vector k, and T(n, m, k, k') is
the overlap between the initial and the final wavefunctions of both the trapped atom and
the bath atom. In Equation (1), it is assumed that the bath atom is a free particle during
the collision. The above integrals for an isotropic trap were solved in References [11,12].
Including the trap anisotropy, we find:
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K;(x) denotes the modified Bessel function and i is a positive integer. Once we calculate the
above rates, at each collision, the probability to jump from state n to m can be calculated as

Yn,m
—. 6
Y0 Yo ©)

Pn—sm =

In the above calculations, we assume that the trapped atom interacts with a uniform
density bath. This is a valid assumption for systems where the trapped atom is confined to
a smaller volume compared to the trap of the bath atoms.

Figure 1. Pictorial representation (not to scale) of the system under study: a single atom (red sphere)
is trapped in an optical tweezer (yellow beam) and is immersed in a bath of atoms of a different
species (blue cloud).

To account for the finite trap depth, we restrict our calculations to a suitably chosen
(P, n®, n®) such that n3®, 1, n?™, n.nP> > kgTs/(hw). Here, T4 is the initial
temperature of the single atom. For the simulations in this article, we first calculate the
Pn—sm for all the level combinations for each bath temperature Tp. The second step is to
perform Monte Carlo simulations where the atom jumps between the levels according to

the probabilities py—.

3. Results

We first explore how the rate of thermalization for the trapped atom changes with
respect to various parameters. Second, we simulate what happens when the trapped atom
is interacting with a bath undergoing evaporative cooling. To illustrate a specific case, in
our simulations we use 8 Rb and 4! K as the bath atoms and the single atom, respectively,
similar to what was done in [9].

We are interested in the rate at which the trapped atom thermalizes with the bath
atoms. We ran the Monte Carlo simulations to know how many elastic collisions it takes for
the radial and axial vibrational states of the trapped atom to thermalize with the bath. To
calculate the thermalization time constant, T, we multiplied the number of collisions with
the time between collisions, which is given by

Teol = 1/(47m2n327), (7)

where np is the density of bath atoms, a is the heteronuclear s-wave scattering length
between the bath and the trapped atom, o = /8kgTp/ (7tj) is the mean velocity at bath
temperature (Tg), and yu is the reduced mass between the bath atom and the single atom.
For the simulations, we consider bath temperatures in the range 0.1 uK-10 pK, and the
atomic density in the bath to be ~10'2 cm~3. These parameters can be produced in current
experimental setups [13]. For the interspecies scattering length that sets the strength of
the interaction between the trapped atom and the bath, we have chosen a = 1604, which
can be achieved exploiting one of the KRb heteronuclear Feshbach resonances [14]. Unless
specified otherwise, we have set w = 100 kHz, 1y = 0.98 and 7, = 0.105, which are
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realistic values for tweezers experiments [10]. As wy ~ wy, from here, we refer to either
of them as the radial frequency w, and we identify the radial direction with both x and
y. The results of our simulations for various parameters are shown in Figure 2, where we
report mean values and standard deviations of the mean of T obtained with 6 repetitions of
5000 trajectories each.
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Figure 2. The variation of thermalization time constants of radial and axial vibrational levels of the
trapped atom with respect to (a) the trapping frequency, (b) the starting temperature of the trapped
atom, and (c) temperature of the bath. The red circles are for radial direction and the blue triangles
are for the axial direction. Here a = 160ay, ng = 7.7 x 1012 ecm~3, w/(2m) = 100 kHz for (b,c),
Tp = 4 pk, and Tg = 0.1 pk for (a,b) respectively. T4 = 8 pk and T4 = 10 pk for (a,c) respectively.
For all the data points 77, = 0.98 and 7, = 0.105.

As expected, from Figure 2a we can note that, because the trapping frequency is
low in the axial direction (denoted by z), the time required for thermalization is higher
than in the radial direction (denoted by r). The thermalization time does not show a
strong dependence on the trapping frequency within the parameters of interest because
the conditions fiw ~ kpTp and hi,w < kpTp do not change substantially for the radial and



Appl. Sci. 2021, 11, 2258

50f8

the axial directions, respectively. In Figure 2b, we keep Ty constant at 0.1 pk and vary the
starting temperature of the trapped atom, T4. Here, T increases for both directions as the
initial T4 increases, but the increase is rather contained. For this figure panel, there are no
datapoints for radial direction below T4 = 1 pk as the probability to be in ny = n, = 0
state is practically 100% and, hence, further cooling is not possible. Figure 2c shows the
variation of the thermalization time with respect to the bath temperature, where T4 = 10 pk
for all points. Here we find that, as the bath temperature is reduced, the thermalization
time required for the radial direction increases. This is because, according to Equation (7),
the time between collisions increases when the bath temperature decreases. The axial
direction does not show such a simple behavior, the thermalization time remains initially
fairly constant until Tp ~ 1 pk, when it has a minimum, and then increases below such
temperature. This is because although the time between collisions increases, the number of
collisions required to cool the single atom reduces as ps—n/ Pn—m increases, where n < m.
The above results tell us that (as expected) the thermalization of the axial direction is by
far the limiting factor in all the conditions we have explored. Additionally, we have found
that in order to effectively cool the trapped atom, there exists an optimal bath temperature
that minimizes the axial thermalization time and therefore could be used to speed up the
entire thermalization process.

In Figure 3 we show the results of a Monte Carlo simulation where the trapped atom
is immersed in a bath whose temperature is decreasing due to evaporative cooling. In
evaporative cooling, the temperature, the number of atoms, and the trapping frequency of
the bath atoms reduce continuously. As we need to calculate p,_., for each T, we consider
the change in these parameters in step-wise manner. The figure shows how the average
vibrational state of the trapped atom changes as we move along the evaporation ramp. The
length of the ramp has been chosen to ensure T4 =~ Tj at every time. An alternative, faster
approach is shown in Figure 4a,b. In this case, the radial vibration levels are able to follow
the bath temperature because of the fast thermalization with the bath. The axial direction
is always lagging behind as the time taken for the thermalization of the axial direction
is higher compared to timescales of evaporation. In order for the axial direction to catch
up, we then add a waiting time. This allows enough time for all the degrees of freedom
of the trapped atom to thermalize with the bath atoms and reach T4 = Tp. Notably, with
this second method, we are able to sensibly reduce the evaporation time compared to the
first ramp.

To further speed up the thermalization, i.e., to increase the axial direction’s thermal-
ization rate, one could either increase the density of the bath or increase the scattering
length. Both of these strategies also lead to an increase in the harmful three-body collision
rate, as shown in Figure 5a,b. We convert the three-body loss rate to total probability of
loss during the evaporation of the bath for our case, which is shown in Figure 5a. The
three-body loss rate here is calculated as Tjy5s = 47'[7’1{1471% /mp [15]. In Figure 5b, we show
the effect of change in scattering length to T and the loss probability, 1 — e~7/Tess, due to
three-body collisions during thermalization time.
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Figure 3. Trapped atom interacting with a bath that is continuously undergoing evaporative cooling.
(a) Radial and axial mean vibrational occupation numbers are shown by red solid and blue dashed
lines, respectively. Here, the final occupation numbers are (1) = 0.00 and (n}) = 0.46, meaning that
the atom always ends up in the ground state of the radial direction. (b) The temperature and the
atomic density of the bath atoms are shown by red solid and blue dashed lines, respectively. Here,
w/(2m) = 100 kHz, a = 1604y, 17, = 0.98, and 7, = 0.105 for all graphs.
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Figure 4. Trapped atom interacting with a bath that is undergoing fast evaporative cooling for three
seconds. (a) Radial and axial mean vibrational occupation numbers are shown by red solid and
blue dashed lines, respectively. Here, the final occupation numbers are (n,) = 0.00 and (n}) = 0.23,
meaning that the atom always ends up in the ground state of the radial direction. (b) The temperature
and the atomic density of the bath atoms are shown by red solid and blue dashed lines, respectively.
(c) The red dashed line shows the change in the trapping frequency of the bath (fg) and the blue solid
line shows the variation in the bath atom number. Here, w/ (27t) = 100 kHz, a = 1604y, 17y = 0.98,
and 7, = 0.105 for all graphs.
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Figure 5. Three-body loss during thermalization. (a) The red dashed line shows the percentage
of times the trapped atom will be lost due to three-body collisions during the evaporative cooling
shown in Figure 4. (b) Effect of change in scattering length on (i) thermalization time (red dashed)
and (ii) the percentage of times the single atom will be lost due to a three-body collision during one
thermalization period (blue solid). Here, Tg = 1 pk and ng = 10 x 1012 cm 3 for (b).

4. Conclusions

In conclusion, we investigated the thermalization of an atom trapped in an optical
tweezer interacting with a thermal gas of ultracold atoms of a different species. We
discussed the theory we used to understand how collisions between a trapped atom and
the bath atoms translate into changes in the trapped atom’s vibrational levels. With the
help of a Monte Carlo simulation, we have shown how these changes lead to the trapped
atom’s cooling if the bath is at a lower temperature compared to the trapped atom. For
parameters of practical interest, we found that the cooling rate in the radial direction
is two orders of magnitude faster than the cooling rate in the axial direction. We have
also shown the dependence of these cooling rates on the bath temperature, the tweezer’s
trapping frequency, and the single atom’s starting temperature. Finally, we simulated
a bath undergoing evaporative cooling and demonstrated that the trapped atom can be
sympathetically cooled. We have shown that this could be an efficient scheme for cooling
the single trapped atom, also considering three-body losses that limit the final efficiency.

Besides the implementation of single atom quantum engines, this kind of system is a
promising approach to studying out-of-equilibrium physics [13]. The system studied here
could be modified to obtain a pristine realization of several instances of the spin-boson
model or other open quantum system models like the Caldeira—Leggett model [16]. There
are several additional exciting avenues that could be explored as extensions of this work.
One could be to investigate the thermalization process in non-Markovian regimes, where
the number of bath atoms is small or the scattering length is large. Another could be
to increase the thermalization times inspired by the recents works in References [17,18].
Alternatively, one could study a system in which the bath is realized with a pure Bose—
Einstein condensate. The heat capacity of a Bose-Einstein condensate vanishes, making
the feedback from the single atom significant. An exotic system could be realized with a
partially condensed cloud, where two phases coexist and quantum and thermal fluctuations
compete, or by trapping a single ion in the tweezer. Additionally, the use of squeezed states
in the bath could lead to interesting quantum features that could boost the thermalization
rate [19-21].
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