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Abstract: We investigate nonequilibrium steady states in
an isolated system of few ultracold cesium atoms (Cs).
Numerically and experimentally, we study the dynam-
ics and fluctuations of the extracted position distribu-
tions and find the formation of nonthermal steady states
for absent interactions. Atomic collisions in the s-wave
regime, however, ensue thermalization of the few-particle
system. We present numerical simulations of the micro-
scopic equations of motion with a simple representation
of the s-wave scattering events. Based on these simula-
tions, a parameter range is identified, where the interac-
tion between few atoms is sufficiently strong to thermalize
the nonequilibrium steady state on experimentally acces-
sible time scales, which can be traced by monitoring the
atomic position distribution. Furthermore, the total energy
distribution, which is also accessible experimentally, is
found to be a powerful tool to observe the emergence of
a thermal state. Our work provides a pathway for future
experiments investigating the effect interactions in few-
particle systems and underlines the role of fluctuations in
investigating few-particle systems.

Keywords: Few-Particle System; Nonequilibrium; Ther-
malization; Ultracold Atoms.

1 Introduction

The description and investigation of nonequilibrium sys-
tems offer a vast field of open questions for both the-
ory and experiment [1, 2]. Specifically, the thermalization
of few-particle systems out of equilibrium and the prop-
erties of the steady state that is approached are studied
intensely [3, 4]. Experimentally, when employing large
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atom numbers, atomic interaction typically drives the
thermalization of the sample. A paradigmatic application
of this thermalization is the widely used technique of
evaporative cooling [5]. For few-particle samples, by con-
trast, interaction between the particles is usually negligi-
ble because the extremely low particle number results in
a low density of the sample and, hence, negligible scatter-
ing cross sections. Nevertheless, they provide an exciting
area of research because, for such few-particle systems,
the thermodynamic limit eventually breaks down, thus,
opening a way to investigate fundamental questions like
the definition of entropy [6]. A great advantage of ultra-
cold atom systems is that, even in the few-particle limit,
interaction between the particles can be tuned to a signif-
icant level by, e.g. employing a strong confinement of the
sample [7].

Here, we investigate an isolated system of few ultra-
cold cesium (Cs) atoms, forming a nonthermal steady
state. Based on experimental data, we devise a numerical
model indicating a parameter regime, where thermaliza-
tion dynamics of a few-particle system can be resolved. Key
ingredients are, first, the large s-wave scattering length for
Cs—Cs collisions and, second, low temperatures created by
sympathetic cooling of the Cs sample with an ultracold
cloud of Rb atoms.

2 Microscopic Model

The interaction between ultracold atoms is characterized
by the scattering cross-section ¢ for atomic collisions. In
the effective-range approximation, this scattering cross
section reads

2
o— 8ma )
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for bosons [8, 9]. There, a is the Cs—Cs s-wave-scattering
length, which, for Cs, takes relatively large values in the
range of 10° ao with ap ~ 0.5 A being Bohr’s radius, k
is the collision wave-vector, and r.¢ is the effective range
characterizing the scattering potential. The effective range
is accessible by the approximation [10]
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where T is the Gamma function and
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is the asymptotic mean scattering length, which is a prop-
erty of the scattering potential [11]. Here, y is the reduced
mass of the colliding atoms, and Cs = 6890.48 a.u. is the
van der Waals constant of the scattering potential [10].
These values yield an asymptotic mean scattering length
of a. = 97 ap and an effective range of rof = 300 ag. The
dependence of the scattering cross section on the collision
energy Ec = h*k?/2u, which results from (1) is shown in
Figure 1. The dependence features two limiting cases: For
small energies and, hence, small wave vectors k, the cross
section approaches o(E; = 0) = 8ma?. For large energies
E: > 0, the cross section asymptotically approaches o =
81/(k* 4 r2gk"/4) from below, even for very large scat-
tering lengths a. As a result, in order to harness a large
s-wave-scattering length, sufficiently low collision ener-
gies and hence temperatures need to be realized experi-
mentally. This provides a pathway towards large scattering
cross sections and, thereby, significant interaction even in
the few-particle regime.

For a thermal sample at temperature T, the mean colli-
sion energy may be estimated by (E¢) = uv?/2 = 4kgT/m,
with the mean relative velocity v = (16kgT/mmcs)™? of
the gas [12]. In the following, we assume Cs atoms to be
prepared initially at a temperature of T = 200 nK and
subjected to a quench of the dipole-trap potential, which

Cross-section ¢ (10~%cm?)
~
T
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Figure 1: The Cs—Cs scattering cross-section o (blue line) depends
strongly on the collision energy E. in the relevant energy range. The
dashed green line indicates the scattering cross-section o given by
the scattering length a(B = 0) = —3068 ao for Ec — 0. For Ec > 0,
an upper bound arises from the wave-vector (solid green line). The
vertical red lines indicate the relevant energy scales for the simu-
lation with mean collision energy at temperature T = 0.2 pk and

T = 1.6 pk.
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increases the total energy of the sample corresponding to
an effective temperature of T = 1.6 pK. The mean collision
energies for these situations are indicated in Figure 1 by
vertical lines.

The above considerations apply for Cs atoms at small
magnetic fields, which are in the order of the earth’s
magnetic field of a few hundred Milligauss. However, by
employing magnetic Feshbach resonances, the s-wave-
scattering length a can be tuned within a broad range
around the background scattering length a,s = 1875a0
[13]. At every Feshbach resonance i, which is characterized
by its resonance field By, ;, the scattering length features a
pole and, therefore, allows tuning of the scattering length
in the vicinity of the resonance. The analytical formula
describing the dependence of the scattering length on the
magnetic field reads [13]

N *
a(B) = ay, [[ 2—2 ()

1 B—B,;

where B is the corresponding zero crossing fields
that quantify the width of every resonance. The Cs—Cs
Feshbach resonances in the magnetic field range up to
100 G were investigated experimentally in [13]. We use the
values for B; and By ;, which were found there for the
three dominant resonances to reconstruct the Cs—Cs scat-
tering length a(B), which is shown in Figure 2. This repro-
duction of data also yields the scattering length for small
magnetic fields a(0) = —3068 ap. This is a large abso-
lute value compared to other scattering lengths, which are
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Figure 2: Dependence of the Cs—-Cs s-wave-scattering length (blue
line) on the magnetic background field B, reproduced using the
values given in [13]. The Feshbach resonances are indicated by
red vertical lines at their corresponding resonance field BB’,. The
dashed blue line indicates the background scattering length ay,g.
The shaded gray area corresponds to a hypothetical negative
magnetic field strength, which is not accessible.
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relevant for, e.g. two-species Rb—Cs mixtures with agpcs =
645 ag and apprp = 101 ap [14, 15] and illustrates the
comparably strong Cs—Cs interaction in the experiment.
The large negative value stems from a broad Feshbach res-
onance at a resonance field of —11.1 G [13]. While this
negative magnetic field strength cannot be realized physi-
cally, the influence of this resonance dominates the char-
acteristics of the scattering length in the field range from
zero to 100 G. This includes a zero-crossing around B =
18 G. Overall, the broad Feshbach resonance offers the
opportunity to experimentally tune the Cs—Cs interaction
from large negative to positive values and also facilitates
the suppression of interaction by setting the magnetic
field to the zero crossing field. Thereby, the interaction
within few-particle samples of Cs atoms can be tightly
controlled.

In order to simulate the long-time evolution based
on microscopic dynamics, we solve the microscopic
equations of motion for every Cs atom numerically by a
third-order Runge-Kutta method [16]. The effect of s-wave
scattering is included in the simulation by a simple hard-
sphere model: The relative distance r;; = |7; — j| between
all pairs of particles i,j = 0... N is evaluated after every
simulation time step. A scattering event is triggered,
when the inter-atomic distance is smaller than the scatter-
ing cross-section r;; < (0y;/m)'/2. There, the cross-section
0ij(kjj) is calculated from (1) for every atomic pair, tak-
ing into account the scattering wave-vector kj; = uv;j/,
which is determined by the relative velocity v;; = |V; — V]
of the particles. When a scattering event is triggered, the
relative velocity in the center-of-mass frame of the parti-
cles is redistributed to a randomly drawn angle. This sim-
ulates the momentum exchange and takes into account
the isotropic nature of the s-wave scattering. This micro-
scopic treatment of the scattering processes implies a
quadratically growing complexity of the problem ©(N?)
with the particle number of the sample N. While this ren-
ders the method in its present implementation unfeasi-
ble for typical many-particle systems, the computational
effort for few-particle systems is small: For a typical atom
number of N = 10, the computation time used for the
implementation of the scattering events is smaller than
the time that is needed for finding the solutions to the
equations of motion. Typical simulations of several thou-
sand trajectories require computation times around 1 day
on a standard office desktop computer. Therefore, the
simple numerical implementation of s-wave scattering
presented here is a well-performing approach to model
the microscopic dynamics of interacting few-particle
systems.
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3 Steady-States Versus
Thermalization Dynamics

For the few-particle dynamics considered here, the opti-
cal dipole trapping setup is a crucial component, as it
provides the conservative potential, which confines the
particles in vacuum [5] and allows to tune the effective
scattering rate independently from the scattering length.
A schematic view of the most important constituents of
the setup considered here is shown in Figure 3a. The hor-
izontal and vertical dipole-trap laser beams are generated
by the same laser source at a wavelength of 1064 nm and
induce an attractive potential for Cs atoms. The main con-
finement is created by the horizontal beam with a total trap
depth of kg x 365 pK at a power of 1 W and a Gaussian
beam waist of 21 pm. The crossed horizontal beam with
a beam waist of 165 pm and power of 1 W adds a contri-
bution of kg x 15 pK, as indicated in Figure 3b. The pur-
pose of this beam is to create a small anharmonicity, which
facilitates the dephasing of atomic trajectories, which will
be discussed later. This induced anharmonicity is illus-
trated by the dashed and dotted lines in Figure 3b, which
represent the harmonic approximation at the trap center,
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Figure 3: (a) lllustration of the dipole trapping beams, which cre-
ate the confinement of the atoms (yellow) and the optical lattice
that can be employed for axial localization of the atoms (blue).

(b) Potential cut along the z-axis. The solid line indicates the com-
bined potential from horizontal and vertical beam. The dashed line
is the corresponding harmonic approximation, and the dotted line
is the harmonic approximation of only the horizontal dipole-trap
laser beam. The green shaded distribution indicates the initial Cs
distribution in the simulation.
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as well as the harmonic approximation for the potential
created exclusively by the horizontal beam, respectively.
While the former is relevant for the dynamics at the trap
center, the latter characterizes the trapping potential out-
side of the center. An additional optical lattice potential
is created by two counter-propagating laser beams along
the horizontal (z-) direction at a wavelength of 790 nm,
which creates a repulsive potential for Cs atoms. It, hence,
tightly confines Cs atoms axially in the horizontal dipole-
trap beam. By applying a relative detuning between the
two counter-propagating beams, the interference pattern
can be set into motion, and thereby, precise transportation
of Cs atoms along the z-axis can be achieved, realizing an
atomic conveyor belt [17, 18].

We first numerically investigate a thermal distribution
of Cs atoms at a temperature of 200 nK. This temperature
can be achieved, for example, by employing sympathetic
cooling within a cold cloud of Rb atoms, which can be
prepared experimentally at this temperature. We already
demonstrated the successful immersion of Cs atoms into
cold clouds of Rb atoms in [19, 20], and [21]. By remov-
ing the cold Rb bath from the dipole trap by means of a
resonant pulse of laser light, a pure Cs sample at such
low temperatures can be prepared. Subsequently, all Cs
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atoms are transported out of the trap center by means
of the conveyor-belt optical lattice, preparing them at a
distance of 100 pm from the potential minimum. Dynam-
ics is initiated by releasing these Cs atoms, which creates
a nonequilibrium state featuring an oscillatory behavior.
The Cs mean atom number can be controlled experimen-
tally by varying the Cs MOT loading time, allowing for
typical mean atom numbers between 1 and 10 atoms.

Using the numerical simulations described previ-
ously, we compute in total 5 x 10° trajectories. We extract
the dynamics of the axial position distribution f(z), which
is shown in Figure 4 for two different settings: a non-
interacting case is realized by setting the Cs atom num-
ber per sample to N = 1, which nullifies the occurrence of
scattering events (see Fig. 4a,b). For the interacting case,
a sample size of N = 10 atoms is considered, allowing for
atomic collisions (see Fig. 4c,d). This range of atom num-
bers corresponds to values that are routinely accessible in
the experiment.

During the first oscillation periods, the evolution of
the non-interacting and interacting samples is almost
identical, exhibiting the expected oscillation at an ampli-
tude of 100 pm. In the non-interacting case, these oscil-
lations dephase more and more because different parts of
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Figure 4: Numerically simulated dynamics of the axial position distribution f(z) for an initially displaced thermal Cs sample having (@) N = 1
and (c) N = 10 atoms. The atomic density is represented by the colormap and plotted versus the time and the position z in the trap. The
regions indicated by the vertical red, orange, and blue lines starting at 0.0 s, 0.5 s, and 2.0 s, respectively, are used to compute the aver-
aged axial density distributions, which are shown in (b) and (d). The insets illustrate the axial phase space distribution at the start of every
region. The horizontal axis of the phase space illustration displays the z-axis in the range of 200 um, while the vertical axis corresponds
to the velocity v; in the range of £50 mm/s. (b, d) The mean value is shown as solid lines, while the area between the 10t and 90" per-
centile is indicated by colored shading illustrating the time-averaged fluctuations around the mean. Red, orange, and blue indicates the
corresponding starting times of 0.0 s, 0.5 s, and 2.0 s, respectively. In both cases, the solid black line indicates the distribution of a
thermal state in harmonic approximation with a temperature of T = 1.6 pk, corresponding to the total energy in the system.
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the atomic cloud oscillate at different frequencies due to
the anharmonicity of the trapping potential. This effect
can be observed nicely in the full atomic phase space
p(z, v;) along the z-axis. The phase-space representation
reveals the creation of a spiral-like feature, which is wind-
ing up more and more as the evolution time increases
(see insets of Fig. 4a). After 2 s of evolution, the system
approximately reaches a steady state, where the struc-
ture of the wound-up spiral is blurred, and the steady-
state phase-space distribution features a donutlike shape.
The approach of this steady state can be quantified by
analyzing the evolution of the position distribution dur-
ing a full oscillation period as illustrated by the colored
vertical lines in Figure 4. Extracting the mean as well
as the 10" and the 90 percentiles from the simulation
data characterizes the distribution and its fluctuations.
We clearly observe a reduction in fluctuations over time
and, thereby, the approach to a double-peak position dis-
tribution. The mean of the distribution, however, does not
change significantly during the evolution. The approached
steady state is nonthermal, illustrated by the difference
to the black, thermal distribution at the corresponding
total energy of the system in Figure 4b. For the interact-
ing case, however, the steady state, which is approached,
changes drastically: While also, here, the effect of dephas-
ing and the corresponding reduction of fluctuations are
visible, additionally, the scattering events between the
atoms lead to a redistribution of the phase-space den-
sity and particularly populate the center of phase space
(see Fig. 4c). This redistribution creates a steady-state
phase-space distribution with Gaussian shape. Quanti-
tatively, the scattering events manifest themselves in a
dynamic of the mean position distribution, which is
absent in the non-interacting case. As seen in Figure 4d,
the mean position distribution approaches the thermal
distribution

f2) = 4| Tz exp(

mw’z?
ZﬂkBT

B ZI(BT (5)
for a temperature T and a harmonic trap with w, = 27 x
39 Hz, which correspond to the values of the harmonic
approximation at the trap centre. The temperature T =
(Etot)/3kp = 1.6 pKis derived from the mean total energy
(Etot) of the nonequilibrium state. The numerical consid-
erations, hence, demonstrate how an initially nonthermal
sample of few Cs atoms relaxes to a thermal state in the
presence of interaction. The proposed interaction time of
2 s is experimentally achievable because typical lifetimes
for Cs atoms trapped in the optical dipole trap exceed 10 s
in our experiment.
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3.1 Accessing the Atomic Total Energy
Distribution

Besides the atomic density distribution along the z-axis,
which is measured directly in the experiment, also the
total energy distribution of the atoms is potentially acces-
sible. Employing the method of adiabatic lowering, the
cumulated total energy distribution can be measured by
means of counting the remaining atoms in the trap after
the potential was adiabatically lowered to various values
[17, 22]. From the numerical data, the total energy dis-
tribution can be analyzed quantitatively, similar to the
approach employed for the position distribution presented
previously. The corresponding distributions for the non-
interacting and interacting cases are shown in Figure 5.
When atomic interaction is absent, the total energy of
every particle is a constant of motion in the conservative
potential. As a result, the fluctuations of each distribu-
tion vanish, and furthermore, the distributions at the three
evolution times of t =0 s, 0.5 s, and 2 s are identical. The
presence of interaction, however, allows for redistribu-
tion of energy among the atoms and causes nonvanishing
fluctuations reflecting the effect of the scattering events.
Under the influence of interaction, the atomic total energy
distribution converges to the distribution

1 Egy exp(— Etot> ©)

Eio) = =
B = 5 2%

with the temperature T = 1.6 pk, which is expected for a
thermal state. In contrast to the position distribution, the

a b

Density f(E) x kg (1/uK)
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Figure 5: Quantitative analysis of the total energy distribution for
slicesaroundt = 0 s, 0.5 s, and 2 s, displayed in red, yellow, and
blue, respectively. Evaluation is analogous to Figure 4b and d. (a)
Non-interacting setting. The total energy distribution shows no
time dependence, and all three curves are identical. The yellow and
blue curves were shifted upwards by 0.01 each in order to make the
curves distinguishable. (b) Interacting setting with N = 10 atoms
per experiment. The total energy distribution relaxes towards the
distribution expected for a thermal state at temperature T = 1.6 pk
(black line).
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total energy distribution is not influenced by the initially
excited oscillation along the z-axis, as the total energy
is conserved for this oscillation. The fluctuations, which
are observed for the interacting case in Figure 5, rather
directly reflect the influence of the scattering events on
the energy distribution. The convergence of the energy
distribution towards a thermal distribution is similar to
the convergence of the position distribution presented in
Figure 4. Already after t = 0.5 s, a significant convergence
is observed, and at t = 2 s, the system has almost com-
pletely approached the thermal state. The measurement of
the atomic total energy distribution, hence, may be used as
a complementary method to observe the thermalization of
the sample.

4 Comparison to Experimental
Results

Atomic position distributions are measured experimen-
tally by means of fluorescence imaging as illustrated in
Figure 6. To this end, the atoms are trapped in the horizon-
tal dipole trap with the overlapped optical lattice, which
provides axial confinement and, thereby, resolution of the
atomic position along the z-axis. The atomic fluorescence
is excited by applying an optical molasses, consisting of
cooling light at a detuning of A.,q; = —12 MHz to the Cs
F =4 = F =5 transition of the D2 line and repump-
ing light, which drives resonantly the F=3 = F =4
transition. The total intensities of cooling and repump-
ing light are I, = 4.7 mW/cm? = 1.7 Isat and Irep =
1.1 mW/cm2 ~ 0.4 Is3¢. The fluorescence of the atoms is
collected with a microscope objective and imaged onto
an EMCCD camera with a resolution of 2.2 pm. Single Cs
atoms appear on the fluorescence image as bright peaks
and, therefore, allow to extract the position of every single
atom from the images. For many repetitions of the experi-
ment, the acquired atomic positions are binned into a his-
togram, thereby yielding the atomic density distribution
along the z-axis as shown in Figure 6b.

Figure 7 shows the dynamics of such density dis-
tributions for Cs atoms with a temperature of approx-
imately 10 pk caused by the magneto-optical trap that
is employed to produce the atomic sample. In order to
account for this relatively large temperature, a horizontal
dipole trap power of 3 W is used instead of the simulated
value of 1 W. While at these temperatures, no significant
effect of atomic collisions is expected due to the rela-
tion of collision energy and scattering cross section shown
in Figure 1, the measurements illustrate the dephasing
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Figure 6: Experimental analysis. (a) Experimental setup and imag-
ing data. The Cs atoms (blue circles) are illuminated in the dipole
trapping potential (orange) by an optical molasses (red). The axial
position of the atoms is pinned by an additional optical lattice
dipole trap potential (blue). The fluorescence light of the atoms is
collected by a microscope objective and magnified onto an EMCCD
camera chip. This yields the atomic in situ fluorescence (colormap),
which is employed to extract the atomic positions; data shown are
arandomly selected data set. Moving the atomic distribution by
means of the optical conveyor-belt lattice, subsequent images (1-4)
are used to extend the field of view. This facilitates the analysis of
broad Cs distributions. (b) The atomic positions from the stitched
images are binned in a histogram for many experimental repetitions
to yield the in-trap density distribution (red bars). The experimental
data shown here corresponds to the starting point of the dynam-

ics presented in Figure 7, which is a peaked distribution, displaced
from the trap center.

of the position distribution in the non-interacting case
as well as the reduction in fluctuations as the steady
state is approached. Here, the Cs atoms are prepared at
a distance of roughly 300 pm from the trap center, and
the oscillations are observed experimentally by recording
the atomic position distribution for three different times
with 4 ms delay between subsequent distributions. These
delays capture slightly less than half a trap period and are
illustrated in the insets of Figure 7. These three distribu-
tions are taken at starting times of 0, 50, 100, and 200 ms.
By evaluating the mean as well as the minimum and max-
imum for every set of distributions, experimental results
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Figure 7: Dynamic of a few Cs atom sample. (a) Timeline and measured Cs distributions resolving the in-trap dynamics within one oscillation
period for starting times of 0, 50, 100, and 200 ms. (b—e) The mean (solid line) as well as the minimum and maximum (shaded area) over
the three distributions around 0, 50, 100, and 200 ms, respectively, analogous to the analysis of the slices presented in Figure 4b and d.
The dephasing of the initial distribution is nicely visible, and after 200 ms, the residual dynamics on the timescale of the axial trapping
period is in the order of the experimental uncertainty. This indicates the approach of the nonequilibrium steady state. This interpretation is
supported by strongly reduced fluctuations for dephased Cs distributions.

are extracted, which qualitatively match the predictions
of the simulations presented in Figure 4. The reduction
in fluctuations due to the dephasing of the atomic distri-
bution is clearly visible as well as the emergence of the
characteristic double-peak structure, which is a hallmark
of the nonequilibrium steady state that is approached in
the non-interacting case.

5 Conclusion

In conclusion, we investigated the dynamics of a few-
particle system in the non-interacting and interacting
cases in order to study the thermalization of nonequilib-
rium systems far below the thermodynamic limit. The pos-
sibility to experimentally tune the atom number allows us
to observe the transition from the single-particle regime to
the onset of a many-body system. We showed the experi-
mental feasibility of the method by measurement results,
which confirm the emergence of a nonthermal steady
state for a non-interacting atomic ensemble. While for
the simulations presented here classical trajectories of
the particles were considered, the cold atom system fea-
tures an intrinsic quantum nature of the particles that
could be exploited to investigate the thermalization of
quantum systems [1, 2]. Recent experimental progress on
investigating these nonequilibrium systems with ultracold

gas experiments includes, for example, the observation
of universal dynamics during the thermalization process
[4] or the possibility to experimentally resolve the impact
of single s-wave-scattering events on the dynamic after
a quench [23]. By taking advantage of the excellent con-
trol in our cold gas experiment, also the realization of
driven systems is within reach [24, 25]. The proposed sys-
tem, hence, offers the opportunity to study open questions
ranging from classical thermodynamics to driven quan-
tum systems in a versatile and well-controlled experimen-
tal setting.

Acknowledgement: This work was funded by Deutsche
Forschungsgemeinschaft (DFG) via Sonderforschungs-
bereich (SFB) SFB/TRR185, Funder Id: http://dx.doi.org/
10.13039/501100001659, project No. 277625399.

References

[1] J. Eisert, M. Friesdorf, and C. Gogolin, Nat. Phys. 11, 124
(2015).

[2] A. Polkovnikov, K. Sengupta, A. Silva, and M. Vengalattore,
Rev. Mod. Phys. 83, 863 (2011).

[3] G.Bunin, L. D’Alessio, Y. Kafri, and A. Polkovnikov, Nat. Phys.
7,913 (2011).

[4] M. Priifer, P. Kunkel, H. Strobel, S. Lannig, D. Linnemann,
et al., Nature 563, 217 (2018).



420 =—— D. Mayer and A. Widera: Thermalization and Nonequilibrium in a Few-Atom System

[5]

(6]

(7]

(8]

9

[10]

[11]

(12]

[13]

[14]

H.J. Metcalf and P. van der Straten. Laser Cooling and
Trapping, Springer Science & Business Media, New York 2001.
P. Buonsante, R. Franzosi, and A. Smerzi, Ann. Phys. 375, 414
(2016).

A.N. Wenz, G. Ziirn, S. Murmann, |. Brouzos, T. Lompe, et al.,
Science 342, 457 (2013).

C. J. Joachain, Quantum Collision Theory, North-Holland,
Amsterdam 1979.

P. 0. Schmidt, S. Hensler, J. Werner, A. Griesmaier, A. Gorlitz,
et al., Phys. Rev. Lett. 91, 193201 (2003).

C. L. Blackley, P. S. Julienne, and J. M. Hutson, Phys. Rev. A 89,
042701 (2014).

V. V. Flambaum, G. F. Gribakin, and C. Harabati, Phys. Rev. A
59,1998 (1999).

G. M. Kremer. An Introduction to the Boltzmann Equation and
Transport Processes in Gases, edition, Springer, Berlin; New
York 2010.

A.D. Lange, K. Pilch, A. Prantner, F. Ferlaino, B. Engeser, et al.,
Phys. Rev. A 79, 013622, (2009).

T. Takekoshi, M. Debatin, R. Rameshan, F. Ferlaino, R. Grimm,
et al., Phys. Rev. A 85, 032506 (2012).

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]
[25]

DE GRUYTER

E. G. M. van Kempen, S. J. J. M. F. Kokkelmans, D. J.

Heinzen, and B. ). Verhaar. Phys. Rev. Lett. 88, 093201
(2002).

J. C. Butcher, Math. Comput. 18, 50 (1964).

W. Alt, D. Schrader, S. Kuhr, M. Miiller, V. Gomer, et al., Phys
Rev A 67, 033403 (2003).

F. Schmidt, D. Mayer, M. Hohmann, T. Lausch, F. Kindermann,
et al., Phys. Rev. A 93, 022507, 2016.

M. Hohmann, F. Kindermann, T. Lausch, D. Mayer, F. Schmidt,
et al., Phys. Rev. Lett. 118, 263401 (2017).

M. Hohmann, F. Kindermann, T. Lausch, D. Mayer, F. Schmidt,
et al., Phys. Rev. A 93, 043607 (2016).

D. Mayer, F. Schmidt, D. Adam, S. Haupt, J. Koch, et al., J. Phys.
B: At. Mol. Opt. Phys. 52, 015301 (2019).

C. Tuchendler, A. M. Lance, A. Browaeys, Y. R. P. Sortais, and P.
Grangier, Phys. Rev. A 78, 033425 (2008).

Q. Guan, V. Klinkhamer, R. Klemt, J. H. Becher, A. Bergschnei-
der, et al., Phys. Rev. Lett. 122, 083401 (2019).

M. Grifoni and P. Hanggi, Phys. Rep. 304, 229 (1998).

A. Lazarides, A. Das, and R. Moessner, Phys. Rev. E 90, 012110
(2014).



