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Disorder can have dramatic impact on the transport properties of quantum systems. On the one
hand, Anderson localization, arising from destructive quantum interference of multiple-scattering
paths, can halt transport entirely [1, 2]. On the other hand, processes involving time-dependent
random forces such as Fermi acceleration, proposed as a mechanism for high-energy cosmic par-
ticles, can expedite particle transport significantly [3–7]. The competition of these two effects in
time-dependent inhomogeneous or disordered potentials can give rise to interesting dynamics but
experimental observations are scarce. Here, we experimentally study the dynamics of an ultracold,
non-interacting Fermi gas expanding inside a disorder potential with finite spatial and temporal
correlations. Depending on the disorder’s strength and rate of change, we observe several distinct
regimes of tunable anomalous diffusion, ranging from weak localization and subdiffusion to su-
perdiffusion. Especially for strong disorder, where the expansion shows effects of localization, an
intermediate regime is present in which quantum interference appears to counteract acceleration.
Our system connects the phenomena of Anderson localization with second-order Fermi acceleration
and paves the way to experimentally investigating Fermi acceleration when entering the regime of
quantum transport.

The observation of Brownian diffusion, its microscopic
understanding, and its application to macroscopic prob-
lems was a key achievement, enabling the emergence and
development of modern science [8, 9]. Commonly, the
diffusive motion of a particle inside a medium is charac-
terized by its position variance σ2(t) − σ2(0) = 2Dt in-
creasing linearly with time t and diffusion coefficient D.
While successful for the description of diffusion in many
fields, some highly interesting phenomena are reflected by
deviations from this behavior and studied extensively in
a plethora of systems [10, 11], including cosmic rays [12],
the foraging behavior of animals [13, 14], fluctuations of
the stock market [15], transport in turbulent plasma [16],
and the movement of molecules inside a cell [17]. Differ-
ent regimes of this so-called anomalous diffusion can be
characterized by the value of the diffusion exponent α in
a generalized power law [10, 11]

σ2(t)− σ2(0) = 2Dαt
α, (1)

whereDα is a generalized diffusion coefficient. For α < 1,
the system exhibits subdiffusion, while the faster-than-
linear expansion with α > 1 is called superdiffusion.

Perhaps the most extreme form of subdiffusion is the
perfect absence of diffusion (α = 0) which occurs when
quantum particles inside a disordered medium undergo
Anderson localization [1, 2]. Here, multiple scattering
of a particle’s wave function from the disordered en-
vironment leads to destructive interference everywhere
except for the particle’s initial position, resulting in a
complete halt of transport. Interference-induced local-
ization has been observed in classical waves such as ul-
trasound [18, 19], microwaves [20] and light [21–24] as
well as in quantum matter using ultracold atoms [25–
28]. Further, in three dimensions, a transition from the

diffusive to the localized regime occurs at a threshold en-
ergy called mobility edge [2]. Particles are expected to
undergo subdiffusion near that transition point until they
become fully localized [29].

In the last decade, there has been an interest in the de-
struction of Anderson localization by temporal variation
of an underlying disorder potential, particularly in op-
tical systems [7]. Here, superdiffusion even beyond the
ballistic case α = 2 can be observed. Beyond optics,
the impact of spatiotemporal noise on localized quan-
tum systems has been investigated theoretically [30, 31].
Additionally, random time-varying environments or fluc-
tuating force fields have been identified as a major driv-
ing force of moving particles in outer space, generating
high-energy cosmic particles by so-called Fermi acceler-
ation. The fundamental mechanism accelerating parti-
cles to superdiffusion by random scattering processes or
time-varying force fields dates back to Fermi [3] and was
later studied in detail for classical and quantum parti-
cles [4–6]. Microscopically, a particle scattered from a
co-propagating potential maximum will be decelerated,
while it will be accelerated for collisions from counter-
propagating potential maxima. Statistically, the counter-
propagating collisions are more probable with increas-
ing particle velocity. Thus, particles moving in time-
varying potentials experience an increasing accelerating
force. Models based on this stochastic process are used
to explain the creation of high-energy cosmic rays [3, 32–
34]. Moreover, this mechanism has since been generalized
to the classical Fermi-Ulam-accelerator model [35, 36],
which was later expanded to include quantum dynam-
ics [37, 38].

Here, we investigate the expansion of an ultracold non-
interacting Fermi gas in a time-varying disorder potential

ar
X

iv
:2

31
1.

08
22

4v
1 

 [
co

nd
-m

at
.q

ua
nt

-g
as

] 
 1

4 
N

ov
 2

02
3



2

x y

z

speckle
beam

ODT1

ODT2

imaging(a) (b)

x
y

n

010
25

35
85

160
295

1/τc = 0 ms−1

1/τc = 2.5 ms−1

t (m
s)

position r

p
o
te

n
ti

a
l
V

(c)

position r

vsvp

−vp + 2vs

vsvp

−vp + 2vs

initial:
final:

initial:
final:

⇒ accelerated

⇒ decelerated

(d)

0 10 20 30 40
t (ms)

0.000

0.005

0.010

0.015

0.020

0.025

0.030

σ
2
(t

)
−
σ

2
(0

)
(m

m
2
)

〈V 〉 = 123× kB

1
/
τ c

=
2
.5

m
s−

1

1/
τ c

=
0
m

s
−1

(e)

t

C
t m

a
x

FIG. 1. Experimental setup and analysis methods. (a) Sketch of atom cloud (large red ellipsoid), optical dipole traps (ODT1,
blue cylinder along y axis and ODT2, larger blue cylinder in x-y plane), speckle laser beam (green volume), and anisotropic
speckle grains (small green ellipsoids). Resonant absorption imaging along the −z direction (red arrow) is used to measure the
cloud’s column density. (b) Surface plot of recorded density distribution for different expansion duration t for 1/τc = 0 ms−1

(left) and 1/τc = 2.5 ms−1 (right). Shown are image sections with a full length along the y axis of 1 mm. For each setting of t and
1/τc, 50 repetitions have been taken and averaged. For increased visibility, the density data shown here was smoothed with a
Gaussian filter with a standard deviation of one pixel. (c) Visualization of the disorder’s time evolution from a one-dimensional
numerical simulation. Lines are snapshots along the evolution filled with lighter to darker green areas between successive time
steps. Note how both peak heights and positions vary with different rates. The inset shows the cross-correlation peak height
Ct

max in arbitrary units versus time t (same color scale). The cross correlation was calculated between the potential after
duration t and the first realization at t = 0 as a measure of their similarity [39, 40]. (d) Illustration of Fermi acceleration in
stroboscopic time evolution (from lighter to darker colors along time evolution). Rear-end collisions (top) result in an effective
deceleration, while head-on collisions accelerate the particle. (e) Evolution of measured cloud variance over time from the two
data sets shown in (b). Power-law fits (lines) to the data (points) yield diffusion exponents of α = 1.02 ± 0.04 for 1/τc = 0 ms−1

(circles) and α = 1.70 ± 0.08 for 1/τc = 2.5 ms−1, a clear indication of superdiffusion for the latter. Error bars indicate 1σ
statistical uncertainty.

to study the influence of the competing contributions of
localization due to matter-wave interference and the ac-
celeration due to stochastic Fermi acceleration on the dif-
fusion of the gas. Depending on the decorrelation time of
the disorder, i.e., the rate at which the disorder changes
in time, we can tune our system through different regimes
of anomalous diffusion ranging from subdiffusion arising
due to localization effects, α < 1, continuously up to
ballistic superdiffusion, α ≈ 2. Importantly, we observe
an intermediate regime in which we find a strong sup-
pression of the acceleration mechanism up to a critical
rate, which we attribute to the effect of localization when
matter-wave interference can still be maintained in the
time-varying disorder potential.

Experimentally, we start by producing a degen-
erate Fermi gas of 6Li atoms at a temperature
T ≈ 100 nK ≈ 0.15TF, with Fermi temperature
TF = EF/kB, Fermi energy EF and Boltzmann constant
kB. All N ≈ 105 atoms are prepared spin polarized in
the lowest-lying Zeeman substate. Our sample behaves
in good approximation as an ideal Fermi gas due to its
fermionic nature, as s-wave interactions are prohibited

entirely due to the Pauli exclusion principle and p-wave
and higher-order interactions are strongly suppressed at
these low temperatures [29]. Initially, the atoms are pre-
pared in a trap created by superposing the main opti-
cal dipole trap (ODT1), formed by a focused laser beam
propagating along the y axis, with a secondary beam
(ODT2), crossing the main beam at an angle in the x-y
plane, see Fig. 1(a). Extinguishing the ODT2 at time
t = 0, the trap instantly becomes shallow along the y
axis while the remaining directions are effectively un-
changed. Hence, the atoms start to expand along the
y-direction, see Fig. 1(b). After a variable expansion
duration, we extract information about the cloud’s ex-
tension by performing resonant high-intensity absorption
imaging [41, 42] along the z axis.

Simultaneously to switching off the ODT2, at t = 0,
we quench on a repulsive optical speckle disorder po-
tential V (r), with position vector r, created by 532 nm
laser light, see Refs. [39, 40, 42] for details. Spatially,
it consists of anisotropic grains with typical sizes of
η2x,y × ηz = (750 nm)2 × 10.2 µm, where ηx,y and ηz
are the correlation lengths along the respective direc-
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tions [42–44]. We characterize the strength of the dis-
order by its spatial average ⟨V ⟩. Technically, we can
tune the rate 1/τc at which the disorder decorrelates and
another speckle realization emerges that has no resem-
blance to the original realization, see Fig. 1(c). While
the local details of the disorder potential change sig-
nificantly with time, its statistical properties, such as
correlation length or mean potential, do not [39, 40].
Hence, we realize a time-varying stochastic force field
for our atom cloud allowing for stochastic Fermi accel-
eration (Fig. 1(d)). In the following, we realize decor-
relation rates up to 1/τc = 3.5ms−1 to study the ef-
fect on the diffusion of non-interacting atoms in ei-
ther weak (⟨V ⟩ = 123 nK × kB ≈ 0.2EF ) or stronger
(⟨V ⟩ = 401 nK × kB ≈ 0.5EF ) disorder, see Ap-
pendix A. We note that, even in the static case, our
three-dimensional disorder potential does not allow for
any classically bound states [45, 46]. We further empha-
size that the atom cloud never crosses into the regimes of
dimensionality lower than d = 3. Nevertheless, we still
analyze the diffusive expansion only along one dimension
as the atoms are prohibited from expanding along the x
and z directions.

From the absorption images taken, we extract the
width of the cloud. While standard methods such as
the fitted Gaussian width or the participation ratio work
in principle, we use the so-called inverse participation
width (see Ref. [47] and Appendix B), which is particu-
larly suited to compensate for noise of the imaging pro-
cess, becoming relevant for long expansion times, when
the local density of the cloud decreases.

In Fig. 2, the cloud variances σ2 over time are shown
in a double-logarithmic plot for (a) weak and (b) strong
disorder, where the exponent α of a power-law Eq. (1)
corresponds to the slope of a straight line. The data
from the expansion inside static disorder, 1/τc = 0ms−1,
is shown as black points. It exhibits the lowest expo-
nent for both disorder strengths, which also allows for
the longest observation times. The observation time is
technically limited by atom losses or the finite size of
both the camera detection area and the envelope of the
disorder speckle pattern. When we increase the decorre-
lation rate toward its maximum value of 1/τc = 3.5ms−1,
we observe a strongly increased slope and, therefore, ex-
ponent for both disorder strengths. In fact, the exponent
even takes on the same value as in the disorder-free ex-
pansion, i.e., ballistic transport.

In order to compare the experimental data to ex-
pectations derived from Fermi acceleration, we perform
a Markov-chain Monte-Carlo simulation using a mini-
mal stochastic model for Fermi acceleration based on
Ref. [48], see Appendix for details. The resulting trajec-
tories are used to compute a mean-squared displacement
of the simulated particle, see Fig. 2(c). The numerical
simulation yields essentially the same accelerating behav-
ior as seen in the experimental data.

A quantitative analysis of the change of dynamical
regimes seen in Fig. 2 is done by extracting the diffu-
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FIG. 2. Tunable anomalous diffusion in dynamic disor-
der. Cloud variances from experimental data (points) for
different decorrelation rates, increasing from 1/τc = 0 ms−1

to 1/τc = 3.5 ms−1 (color bar in (a)) for (a) weak dis-
order, ⟨V ⟩ = 123 nK × kB, and (b) strong disorder,
⟨V ⟩ = 401 nK × kB. Blue squares show variances from
disorder-free, i.e., ballistic expansion. Error bars indicate
1σ statistical uncertainty. The black dotted (dashed) line
indicates the exponent α for normal (ballistic) diffusion.
(c) Particle-averaged mean squared displacement (MSD) from
a single run of the simulation. We simulated 25 differ-
ent velocity scales of the medium, ranging from the static
case (A) to the the experimentally maximum-achievable dy-
namics (B) in the same color scale as for the experimental
data. The dashed blue line shows free expansion without a
medium. Inset: twelve examples of simulated trajectories up
to t = 100 ms for the static (A, left) and maximally dynamic
case (B, right) from which MSD was calculated. Both boxes
show an area of size 1 mm × 1 mm. See Appendix C for more
details on the simulation.

sion exponent α and diffusion coefficient Dα from the
different series of each ⟨V ⟩ and 1/τc. The exponent α is
obtained as the slope from linear regression of the loga-
rithm of both variance and time. With that, we calculate
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the anomalous diffusion coefficient as

Dα =

〈
σ2
i (t)− σ2

i (0)

2tα

〉
, (2)

where the set of values that are averaged is constant in
time. Note that Dα has the unit m2 s−α [10].

For the expansion in weak disorder, we see a direct
and monotonous increase of both α and Dα with 1/τc,
see Fig. 3(a, b). Focusing on the exponent, we can tune
through the entire range of superdiffusion with exponents
between α = 1 for static, weak disorder and α = 2 by
the choice of 1/τc. The simulation predicts this tunabil-
ity well, even agreeing quantitatively to the experimental
data for a wide range of decorrelation rates.

Turning to the results for the expansion in strong dis-
order, we find a strikingly different behavior. For static
disorder, 1/τc = 0ms−1, we find the system to be slightly
but statistically significantly in the subdiffusive regime
with α = 0.94 ± 0.03, see Fig. 3(d). As reported by
Ref. [29], subdiffusion is expected to occur near the mo-
bility edge until the wave packet has expanded into its
fully localized state. A widely used estimate to discern
if a system would be expected to be in the regime of
Anderson localization is the Ioffe-Regel criterion, which
can be expressed for 6Li as T < 160 nK for the geo-
metric mean of the correlation lengths η of our speckle
disorder (T < 900 nK for ηx,y relevant for the expan-
sion direction) [28]. As the temperature of the gas is
T ≈ 100 nK, our system fulfills the Ioffe-Regel criterion.
An alternative criterion regards the critical momentum
kAL below which Anderson localization is expected to
occur [49]. Specifically for our case ⟨V ⟩/Ec > 1, with
correlation energy Ec = ℏ2/(mη2), we use the estimation
kAL ≈ (⟨V ⟩/Ec)

2/5/η, where ℏ is the reduced Planck con-
stant and m is the atom mass. By comparison with the
Fermi momentum kF, the largest momentum present in
our degenerate Fermi gas, we get kF ≈ 2 kAL for η (and
kF ≈ 0.8 kAL for ηx,y). In any case, we should expect
at least a significant fraction of the low-energy fermions
to localize. Therefore, we attribute the onset of subd-
iffusion for strong disorder as a signature of Anderson
localization below the mobility edge, slowing down the
expansion, see Ref. [47].

This is supported by the experimental observation that
the diffusion coefficient is of the order of only a few
‘quanta of diffusion’ ℏ/m [27, 29, 44], see Fig. 3(e). Fur-
thermore, with increasing 1/τc ≲ 1ms−1, we see an ini-
tial plateau where neither diffusion quantity, exponent or
coefficient, changes (background shading in Fig. 3(c-d)).
It clearly illustrates a strong suppression of the Fermi
acceleration for sufficiently slow changes of the underly-
ing disorder potential. The experimental observation is
also in stark contrast to the classical simulation based on
Fermi acceleration. We interpret this observation as the
effect of localization due to wavefunction interference for
small decorrelation rates.

To investigate the interplay of localization effects with
superdiffusion or its suppression more closely, we infer

a measure for the fraction floc of localized atoms as in-
troduced in Ref. [27], quantifying the fraction of atoms
that would not have diffused away from the initial cloud
volume after infinite time, see Appendix D and Ref. [47]
for more details. We find a localized fraction of zero for
the expansion in weak disorder even in the static case, as
expected and can be seen in Fig. 3(c). By contrast, we
find a significant localized fraction floc = (7.9±1.2)% for
the strong static disorder, see Fig. 3(f). As expected, the
fraction decays as the decorrelation rate 1/τc increases,
but as long as a localized fraction persists, the system
shows apparently close-to-normal diffusion. As soon as
the localized fraction has decayed, however, the normal-
diffusion plateau ends.

We interpret this plateau of α andDα as a consequence
of localization effects stabilizing diffusion against the dis-
order’s accelerating dynamics. In fact, the energy scale
h/τc ≈ 48 nK × kB for the observed delocalization rate
1/τc ≈ 1ms−1 is of the same order of magnitude as the
energy associated with the critical momentum for Ander-
son localization, being EAL = ℏ2k2AL/2m ≈ 115 nK× kB
for the strong disorder and η. Therefore, the fraction of
particles with sufficiently low energy to localize despite
the additional energy EAL will be increasingly reduced
with 1/τc until too few low-energy particles remain to
influence the transport globally. Around 1/τc ≈ 1ms−1,
where floc has vanished, the Fermi acceleration becomes
too strong to sustain coherent matter-wave interference
and finally drives the system to superdiffusion.

Our experimental study has provided insights into
the interplay between Anderson localization and Fermi
acceleration within the context of quantum transport.
We have demonstrated a system that exhibits a broad
tunability of anomalous diffusion, ranging from subdif-
fusion to superdiffusion, while closely approaching the
regime of ballistic transport. Our findings elucidate the
intriguing dynamics of matter waves in time-varying
random force fields, establishing an experimental plat-
form to investigate Fermi acceleration in quantum
systems. An interesting prospect will be to reveal the
criterion when Anderson localization breaks down and
Fermi acceleration sets in more closely. Furthermore,
achieving decorrelation timescales below the inverse
Fermi energy could allow access to the regime of hyper
transport, which will allow to experimentally explore
the maximum achievable acceleration rate in Fermi
acceleration. Moreover, it will be interesting in future
studies to explore the contributions of particle interac-
tions or superfluidity, as our system is generally capable
of creating a strongly interacting Fermi gas along the
crossover from a molecular Bose-Einstein condensate
(BEC) to a Bardeen-Cooper-Schrieffer (BCS) super-
fluid [50, 51]. Finally, this degree of tunable anomalous
diffusion might be of value in related applications of
wave phenomena, such as atomtronics, electronics, and
(electro)chemical settings, where precise control over the
transport velocity would be highly desirable.
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FIG. 3. Diffusion properties for dynamic disorder. Left column (a-c) for weak disorder, ⟨V ⟩ = 123 nK×kB, and right column (d-
f) strong disorder, ⟨V ⟩ = 401 nK × kB. (a, d) Diffusion exponents α as a function of decorrelation rate 1/τc from experimental
measurements (dots) and simulation data of twelve trajectories (gray area). The blue dashed line indicates ballistic, free-
expansion measurement, the blue area around it shows its error. Experimental error bars for dots and simulation-data area
indicate 1σ statistical uncertainty. (b, e) Diffusion coefficient Dα, normalized by ℏ/m and expansion dimension d with the
same colors and line types as in panel (a). For the experimental data, d = 1 and for the simulation, d = 2, see Appendix C
for details. Experimental errors are calculated as standard deviation of values used for averaging, see Eq. (2). (c, f) Localized
fraction floc. For weak disorder, (c), it is consistent with zero for all decorrelation rates. For strong disorder, (f), we observe
a significant floc > 0, which vanishes at 1/τc ≈ 1 ms−1, coinciding with the transition from a constant to a significant increase
in both the diffusion exponent and coefficient. This quantum-transport region is highlighted by background shading in (d-f).
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Appendix A: Experimental details

Our experimental sequence for preparation of the spin-
polarized gas, the trap configuration, gas temperature,
and imaging is based on previous work Ref. [47]. Before
the spin polarization, we evaporatively cool a previously
laser-cooled sample of 6Li atoms in the two lowest Zee-
man substates to temperatures around T = 100 nK [50].
The evaporation takes place at a magnetic field of
B = 763.6G, on the BEC side of the broad Feshbach res-
onance which allows us to tune the interaction strength

of the gas such that the cooling is efficient [52, 53].
Afterwards, we adiabatically ramp the magnetic field
to B = 1070G, deep into the BCS regime, where the
fermionic pairs are weakly bound and spatially far apart,
and all atoms in one of the spin states are removed
from the trap by a resonant laser pulse, leaving a spin-
polarized sample forming a quasi-pure Fermi sea. Only
about 10% of the atoms in the lowest-lying state are lost
due to resonant scattering while no measurable amount
in the other state remains.

Since the magnetic field’s curvature strongly traps the
atoms in the x-y plane while being anti-confining along
the z axis [43], we load the atoms into the crossed dipole
trap as shown in Fig. 1, and switch off the magnetic field.
At that point, we can either extract the cloud’s temper-
ature with the method described in Refs. [54, 55], or be-
gin the expansion sequence by switching off ODT2 while
switching on the disorder potential, both during less then
one microsecond using acousto-optical modulators, faster
than the timescale of the motion of the atoms. We en-
sured that, for every step of the preparation sequence, no
observable excitations are performed and no significant
amount of atoms are lost, the only exception being the
polarization pulse as mentioned.
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When driving the system with non-zero correlation
rates, we observed that atoms were so strongly accel-
erated that the cloud expanded significantly along the x
direction. We therefore increased the power of the ODT1
laser from 100mW, as was used for the weak disorder in
this work and for the entirety of Ref. [47], to 300mW.
The resulting trap parameters for the series with weak
disorder amount to (ωx, ωy, ωz) = (365, 1.9, 248)× 2πHz
after t = 0 and, with that, EF ≈ 600 nK × kB as well
as ⟨V ⟩/EF ≈ 0.2. For the strong-disorder measurements,
(ωx, ωy, ωz) = (670, 3.4, 435)× 2πHz, from which we cal-
culate EF ≈ 850 nK× kB as well as ⟨V ⟩/EF ≈ 0.5. Note
that, for both series, ωy = 37.8 × 2πHz for t < 0. We
confirmed that the disorder-free expansion is still bal-
listic. For sufficiently slow dynamics, the expansion in
strong disorder is very similar for both trap configura-
tions. Only for the larger decorrelation rates, the energy
can be dissipated into the unobserved directions, effec-
tively reducing the superdiffusion along y.

Appendix B: Determination of the cloud width

As a measure for the cloud’s spatial extension, we use
the inverse participation width (IPW), a statistical ob-
servable that we introduced in Ref. [47]. For that, we
calculate the histogram of an absorption image taken
at time t, approximating the particle’s position prob-
ability density function (PDF), and extract its width
w(t) as the full range between the largest and lowest
recorded densities. As camera noise is present and in-
fluences the recorded histogram, we have to take it into
account. For that, we also extract the width wnoise of a
histogram of a noisy image without any atoms but oth-
erwise identical statistics. More precisely, the recorded
histogram will be the convolution of the noise-free dis-
tribution, which is a bimodal function for most settings,
with the PDF of the camera noise. In cases such as ours,
w(t) − wnoise will then be a good approximation for the
sample’s peak density n(0, t). Assuming that the cloud
spreads as n(0, t) ∝ N(t)/σ, we get the cloud variance
from IPW as

σ2(t) ≈ 1

2π

N2(t)

(w(t)− wnoise)2
, (B1)

where we already inserted the prefactor 1/2π from a
Gaussian function to allow a quantitative analysis of the
diffusion coefficient. We emphasize that the prefactor
choice is not important for our conclusions made, be-
cause even using a box distribution (which is obviously
significantly different from our cloud shape), for exam-
ple, will yield 1/4 which is still somewhat comparable to
1/2π ≈ 0.16. The coefficient can therefore be extracted
with an uncertainty of order unity. To determine the
diffusion exponent quantitatively, only n(0, t) ∝ N(t)/σ
needs to be valid. For details about IPW as well as its
regimes of validity and a comparison with established ob-
servables, see Ref. [47].

Appendix C: Fermi-acceleration simulation

As stated in the main text, the simulations are directly
based on the model presented in Ref. [48]. We simulate
classical non-relativistic point particles colliding elasti-
cally with hard-sphere scatterers of infinite mass on a
flat two-dimensional plane. We simulate a 2D system
since, in 1D, the mechanism of Fermi acceleration is sig-
nificantly different due to the lack of scattering angles.
For dimensions larger than one, single scattering events
are effectively the same if the scattering angles are as-
sumed uniformly distributed. Since our atom cloud is
three-dimensional, we simulate in d > 1 and chose d = 2
as a compromise to save computing resources.
In the case of frozen scattering centers, normal diffu-

sion is the result. However, when these scatterers them-
selves are moving, the particles undergo Fermi accelera-
tion and expand superdiffusively. Since here and in con-
trast to the experimental setup, we do have access to the
trajectories r(t) of each particle, we directly calculate the
mean-squared displacement as

MSD(t) = ⟨r2⟩(t)− ⟨r2⟩(0), (C1)

where ⟨·⟩ denotes the average over the particles. For
each simulation run, we set 1000 particles, each collid-
ing 25 000 times with the randomly moving spheres. Fi-
nally, we run such a series twelve times and average the
diffusion exponents and coefficients extracted from each
series.
For the scatterers, we choose values as close to the ex-

perimental setting as possible. As their radius, we use
the geometric mean of our disorder’s correlation lengths
η and use the average distance of speckle peaks, 3η, for
their density ρ = 1/(3 η)2. Since the speckle’s spatial
intensity is exponentially distributed, we assumed that
the same holds true for the velocity. Therefore, the sim-
ulated scatterers’ velocity is determined randomly with
an exponential probability distribution. We note that
the choice of their velocity distribution appears to have
little to no impact on the result, only the average velocity
significantly influences the result noticeably. Therefore,
we iterate through 25 different values of their average ve-
locity between zero (see black line A in Fig. 2(c)) and the
maximum velocity (yellow line B) of vmax

sim = 6.3mms−1.
That value is estimated from the velocity scale of our
maximally dynamic disorder by comparing the present
length and timescales η/τc for 1/τc = 3.5ms−1. For
the initial spatial distribution of the point particles, we
choose a Gaussian with σx,y(0) = 50µm. For their ve-
locity magnitudes, we distribute values between zero and
the Fermi velocity vF of our experimental system as they
would be for an ideal Fermi gas, while the angles are cho-
sen isotropically. Note that, except for the cases of static
(where only the direction but not the magnitude of the
velocity vector can change) or entirely absent scatterers,
its choice has only a negligible influence on the expansion
at all due to the underlying Markov assumption.
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FIG. 4. Determining the localized fraction floc from the series
with (a) weak disorder, ⟨V ⟩ = 123 nK × kB, and (b) strong
disorder, ⟨V ⟩ = 401 nK × kB. Plotting the relative density
n(t)/n(0) (circles) over the square root of inverse time allows
to visualize floc as the density-axis intercept (crosses). Lines
are fits with the anomalous-diffusion model Eq. (D1) where
floc, the value of the density for t → ∞, is the only free
parameter. Errors are calculated from error propagation.

Even though we insert the various scales of our exper-
iment as closely as possible, we emphasize that the sim-
ulation still describes a setting that is very different to
our system. Nevertheless, employing the simulation rein-
forces us in the assumption that the underlying mecha-
nism driving our atoms to superdiffusion is that of Fermi
acceleration.

As observed from our simulation data, see gray area
in Fig. 3(a, d), the largest exponent appears to saturate
at α = 2. This is confirmed by Ref. [48] to be the
scaling law for this model. For any experimental system
with finite size and disorder strength, this exponent
will be expected for long times. This can be intuitively
understood in finite-amplitude disorder, where after
sufficient acceleration, particles will have energies above
the large majority of the disorder and acceleration
saturates. Effectively, there are hardly any potential
features high enough to further accelerate the particle.
On the other side, as was shown in Refs. [4, 5, 7],
even exponents α > 2 beyond the ballistic regime,

called hyper transport, can be expected inside dynamic
disorder. To estimate the efficiency with which we
can increase the energy in our experimental system,
we compare the relevant present timescales. For the
maximally dynamic disorder, local disorder dynamics
occur on the decorrelation timescale of τc = 285 µs [39].
The timescale of the inverse Fermi energy corresponds
to h/EF ≈ 80 µs, where h is the Planck constant, i.e., it
is smaller by a factor of roughly 3.5. Alternatively, we
can estimate the optimal timescale τopt ≈ 95 µs to drive
superdiffusion as efficiently as possible as described in
Ref. [6] for a classical two-dimensional system, yielding a
similar factor. Thus, both comparisons clearly indicate
that we could enhance the rate of energy increase if
we were to achieve higher decorrelation rates which,
currently, is technically not possible.

Appendix D: Localized fraction

The localized fraction floc estimates the infinite-time
fraction of atoms that would not diffuse away due to be-
ing localized, assuming no atom losses. We base the
determination of the localized fraction on the method
reported in Ref. [27]. We modify it to fit our expan-
sion along a single dimension and implemented the full
anomalous-diffusion power law as in Eq. (1). More pre-
cisely, we use the model

n(0, t)

n(0, 0)
= floc + (1− floc)

√
σ2(0)

2Dαtα + σ2(0)
, (D1)

where we fix the diffusion exponent α and coefficient Dα

to the values we extract as described in the text and use
σ(0) = 53 µm from a Gauss fit to the trapped cloud.
For the relative peak density n(0, t)/n(0, 0), we use the
above-mentioned approximation of n(0, t) ≈ w(t)−wnoise

with an additional factor of N(0)/N(t) to compensate for
atom losses. With that, floc is extracted as the only free
parameter from fitting the right side of Eq. (D1), see lines
in Fig. 4. Further, see Ref. [47] for more details.
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[37] J. V. José and R. Cordery, Study of a quantum fermi-
acceleration model, Physical Review Letters 56, 290
(1986).

[38] P. Seba, Quantum chaos in the Fermi-accelerator model,
Physical Review A 41, 2306 (1990).

[39] B. Nagler, M. Will, S. Hiebel, S. Barbosa, J. Koch,
M. Fleischhauer, and A. Widera, Ultracold Bose Gases in
Dynamic Disorder with Tunable Correlation Time, Phys-
ical Review Letters 128, 233601 (2022).

[40] S. Hiebel, B. Nagler, S. Barbosa, J. Koch, and
A. Widera, Characterizing quantum gases in correlated-
disorder realizations using density-density correlations,
arXiv:2306.16099 (2023).

[41] G. Reinaudi, T. Lahaye, Z. Wang, and D. Guéry-Odelin,
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