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Proposal for a long-lived quantum memory using matter-wave optics
with Bose-Einstein condensates in microgravity
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Bose-Einstein condensates are a promising platform for optical quantum memories but suffer from several
decoherence mechanisms, leading to short memory lifetimes. While some of these decoherence effects can be
mitigated by conventional methods, density-dependent atom-atom collisions ultimately set the upper limit of
the quantum memory lifetime to timescales of seconds in trapped Bose-Einstein condensates. We propose a
quantum memory technique that utilizes microgravity as a resource to minimize such density-dependent effects.
We show that by using optical atom lenses to collimate and refocus the freely expanding atomic ensembles,
in a semi-ideal environment, the expected memory lifetime is only limited by the quality of the background
vacuum. We anticipate that this method can be experimentally demonstrated in Earth-bound microgravity
platforms or space missions, eventually leading to storage times of minutes and unprecedented time-bandwidth
products of 1010.
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I. INTRODUCTION

Optical quantum memories (QMs) are devices that can
faithfully and reversibly store and recall the quantum states
of light. They are required in many applications in quantum
information science such as long-distance quantum commu-
nications [1,2], deterministic generation of multiphoton states
[3], and quantum computation [4]. A recent idea is to deploy
QMs in space in order to enable globe-spanning quantum net-
works [5–8], ultralong-baseline Bell experiments [9–12], and
probing the interplay between gravity and quantum physics
[13] for which a storage time τmem of around ∼1 s is needed.
Several systems have been proven useful for such reversible
mapping between light and matter qubits. These include solid-
state [14–19] and atomic systems [20–33]. Among these,
cold-atomic gases have recently been deployed in space for
a number of experiments: optical atomic clocks [34] and the
first Bose-Einstein condensate (BEC) on board a sounding
rocket [35] and the International Space Station (ISS) [36].
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In addition to these, new space missions using cold atoms
are being envisioned [37–39] and currently in development
[40,41]. Cold-atom-based QMs would share the same techni-
cal infrastructure with these experiments.

A BEC platform has unique advantages over cold atoms
(obeying a thermal distribution) for optical QMs due to the in-
hibition of thermal motion (allowing a long memory lifetime)
and its high atomic density (leading to efficient operation).
However, condensates are still affected by several decoher-
ence mechanisms. Among these, decoherence due to magnetic
field inhomogeneities [29,33] can be mitigated by employing
rephasing protocols based on dynamical decoupling [42], and
those caused by AC-Stark shifts that are due to inhomoge-
neous optical trapping beams can be prevented by employing
magic wavelength techniques [43,44]. On the other hand,
losses due to atom-atom collisions are usually not reversible,
and cannot be mitigated by such measures. The collisions of
cold atoms with the background gas (i.e., one-body collisions)
can be controlled only with the vacuum quality, while the
collision rates between two or three atoms within the cold
ensemble (i.e., two-body and three-body collisions) increase
with increasing atom density. These processes become rele-
vant beyond storage times of ∼1 ms. However, a maximum
storage time of around ∼1 s has been observed with bright
pulses in a sodium BEC by tuning the atom-atom collision
cross sections via external magnetic fields [45].

In this paper, we propose a quantum storage scheme that
exploits matter-wave optics to tune the density of the atomic
ensemble to minimize the effects of density-dependent colli-
sions. This is achieved by letting the condensate expand after
writing the quantum state of incoming photons into an internal
state of the atoms in the condensate, which is followed by
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FIG. 1. Protocol for a long-lived quantum memory utilizing interaction-driven expansion and delta kick collimation (DKC) of a Bose-
Einstein condensate (BEC) in microgravity. (a) �-type three-level structure together with the light fields employed during (b) different stages
of the size evolution of the BEC. The quantum state of single-photon pulses is imprinted into an internal excitation of a BEC shortly after
its release from an optical dipole trap (ODT). Brief exposure of the BEC to two consecutive optical lensing potentials allows us to stop and
subsequently reverse the interaction-driven expansion via DKC. This protocol allows for transition between the complementary density regimes
needed for an efficient write-in and readout of the memory at high optical depths (ODs) and large coherence times for long-time storage at low
atomic densities, respectively.

employing the delta kick collimation (DKC) technique
[46–49], first to collimate and then to refocus the BEC for
efficient readout of the stored excitation. This protocol is
carried out in a microgravity environment, which prevents the
fall of the center of mass without the need for any type of
inhomogeneous field to levitate the atoms. We show that this
technique would allow storage times that are orders of mag-
nitude beyond what is possible in ground-based experiments
and, in fact, only limited by the quality of the background
vacuum. We expect our protocol to reach a few minutes of
storage time with the state-of-the-art background vacuum val-
ues [50,51].

II. STORAGE AND RETRIEVAL PROTOCOL

We assume a pure BEC initially trapped in an optical
dipole trap (ODT), as illustrated in Fig. 1. To circumvent
decoherence due to AC-Stark shifts, the quantum state of
single-photon pulses is imprinted within the BEC only shortly
after its release from the trap. The timing of the write pulse
is set to mode-match the light intensity and atomic density
distributions with negligible reduction in optical depth (OD).
During free expansion, the internal energy is converted into
kinetic energy, yielding a reduction in the density and there-
fore in the two-body collisions. After a set time T0, the BEC
is exposed to a tailored, optical potential for a short dura-
tion of τDKC. This delta kick acts as an optical atom lens
[48,52–54], resulting in a narrow momentum distribution.

After a chosen collimation time TC, a second DKC pulse is
applied to refocus the ensemble. At this point (TC + 2 T0), it is
possible to faithfully recall the stored quantum information at
the original higher OD. Our protocol thus allows transitioning
between the complementary density regimes needed for an ef-
ficient write-in and readout at high ODs and coherent storage
in a dilute quantum gas. This is achieved by exploiting the
mean-field driven expansion of a self-interacting BEC which
is nearly stopped and reversed via DKC.

The quantum memory itself is based on a �-type three-
level system as represented in Fig. 1. The states |g〉 and |s〉
represent the ground states of the hyperfine structure of the
87Rb D1 line, |52S1/2, F = 1〉 and |52S1/2, F = 2〉, respec-
tively, while |e〉 is the excited state |52P1/2, F = 1〉. Collinear
probe and control beams address the |g〉 ←→ |e〉 and |s〉 ←→
|e〉 transitions, respectively. The use of collinear beams [55]
ensures both the optimal spin storage and phase-matching
condition, which eliminates decoherence due to recoil colli-
sions [33].

Although ensemble-based memories generally follow sim-
ilar considerations [56], we choose to incorporate the Autler-
Townes splitting (ATS) method [33,57] into our approach as
it requires lower OD and control power for efficient storage of
broadband pulses compared with other memory protocols im-
plemented in cold-atom systems, such as electromagnetically
induced transparency [58], which makes it more attractive
for applications in quantum information science. Furthermore,
lower requisites on these properties make the ATS protocol
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more robust against four-wave mixing noise [33], which is
another important feature for practical applications. We fur-
ther note that the applied DKC pulses, being far off-resonant,
do not optically pump the atoms to generate fluorescence and
four-wave mixing noise, thereby ensuring operation in the
single-photon regime.

III. BEC EXPANSION AND COMPRESSION DYNAMICS

We predict the dynamics of the BEC through a vari-
ational ansatz to numerically solve the time-dependent
Gross-Pitaevskii equation

ih̄
∂

∂t
ψ (�r, t ) =

[
− h̄2

2m
∇2 + VDKC(�r, t ) + U0ρ(�r, t )

]
ψ (�r, t )

(1)
following a scaling approach [59,60], where VDKC(�r, t ) rep-
resents the lensing potential and U0 = 4π h̄2Re(asc)N0/m
characterizes the interaction and is defined by the real part of
the s-wave scattering length asc [61] for a ground-state BEC
with N0 atoms of mass m.

As trial functions, we simply utilize a Gaussian-shaped
atomic wave function ψ (�r, t ) with corresponding spatial den-
sity distribution ρ(t ) expressed as

ρ(t ) = |ψ (t )|2 = N0

(2π )3

∏
ξ∈{x,y,z}

σ−1
ξ (t )

︸ ︷︷ ︸
= ρ0(t )

exp

(
− ξ 2

2σ 2
ξ (t )

)
,

(2)
where ρ0(t ) represents the peak density. The standard de-
viation σξ (t ) of the atomic density can be related to the
Thomas-Fermi radius σξ = Rξ /

√
7, knowing the parabolic

shape of a BEC [62].
The lensing potential is well described by the harmonic

approximation VDKC(�r, t ) = 1/2m
∑

ξ ω2
ξ ξ

2 if the BEC is
located close to the center of the optical trap and if the
characteristic size of the generating beams is w0 
 σξ . Any
anharmonicity of the potential would cause lens aberrations
and will ultimately limit the achievable storage times and
efficiency of the information readout due to the attainable
collimation times [49] and minimum sizes during refocusing
[48], respectively.

For our study, we initialize an isotropic BEC of size σ0 =
3μm with N0 = 1 × 105 87Rb atoms. After T0 = 1 s of free
expansion, we apply a DKC potential with trap frequency
ω = 2π × 2.25 Hz for a symmetrically centered box pulse of
duration τDKC = 5 ms. After further evolution for TC, the BEC
is exposed again to the same DKC potential. Further details
are provided in Appendix A. The trap frequency is chosen
to mode-match the final and initial wave functions. The total
storage time, τmem, of the memory in this protocol is then
≈TC + 2 T0.

In general, illumination of the ensemble with an inhomo-
geneous light field, as needed for optical DKC, can affect
the system coherence. Assuming a crossed-beam ODT at
1064 nm as the origin of the lensing potential, we calculate
the differential AC-Stark shift of the two ground states of 87Rb
to be δνAC � τ−1

DKC, granting a negligible decoherence during
the DKC pulses; see Appendix B.

IV. EFFICIENCY CALCULATIONS WITH DENSITY
ENGINEERED ENSEMBLE

Assuming that the untrapped ensemble is shielded from
any magnetic field inhomogeneities, the overall efficiency of
photon retrieval can then be expressed as a function of the
atomic density distribution and peak density as

ηtot(t ) = η2
DKC · η1(t ) · η2(ρ0(t )) · ηATS(ρ(t )), (3)

where ηDKC indicates the efficiency of the DKC proce-
dure, η1(t ) and η2(ρ0(t )) are associated with the one-body
and two-body collisions, respectively, and, finally, the factor
ηATS(ρ(t )) represents the combined efficiencies of the ATS
write-in and readout steps.

For the purpose of this work, ηDKC is set to 1. This corre-
sponds to the assumption of ideal harmonic potentials for the
implementation of the DKC procedures and thus neglects pos-
sible lens aberrations that would affect the atom distribution
[48]. This ideal case might be accomplished in experiments
utilizing time-averaged optical potentials [63].

The efficiency associated with the atom losses due to
the collisions with the background gas within the vacuum
chamber, η1(t ), follows an exponential decay. In Ref. [51],
Nirrengarten et al. achieve a lifetime of about 115 s associated
with a background pressure of 3 × 10−11 mbar. We set this
value as the one-body collision lifetime τ1 used in this paper.
The term η2(ρ0(t )) expresses the exponential decay of the
memory efficiency due to two-body collisions between cold
Rb atoms. For the states and densities taken into account
in this paper, the contribution of the three-body collisions is
negligible compared with the other collisional losses [64].

Figure 2(a) shows a comparison of the time evolution of the
condensate size for two different collimation times (blue and
orange lines), along with the scenario in which the BEC is not
released from the trap at all (yellow line). The color code is
the same for the other panels in the figure. In both expanding
cases, the condensate peak density drops from its initial value
ρ0(0) = 2.3 × 1014 cm−3 to ρ0(T0 = 1 s) = 7 × 106 cm−3 at
the time of the first DKC pulse. After a duration of TC = 3 s
(blue) or TC = 98 s (orange), the second DKC pulse is applied,
which causes the BEC to refocus and reach its minimum size
again at τmem ≈ TC + 2 T0, when the memory is read out. The
corresponding τmem are ≈5 s (blue) or ≈100 s (orange). The
inset shows the detailed evolution of the BEC size around the
focus for the case with TC = 3 s.

The time evolutions of peak density corresponding to
the simulated sizes in Fig. 2(a) allow us to calculate the
time-dependent two-body collisions decay rate, γ2-body(t ), as
[33,65]

γ2-body(t ) = 4h Im(asc)ρ0(t )

m
, (4)

where Im(asc) is the imaginary part of the s-wave scattering
length. Figure 2(b) shows a reduction of more than seven
orders of magnitude in the two-body decay rate during T0,
compared with the trapped case with constant peak density.
The inset highlights again the behavior around the focus for
the case with TC = 3 s.

With this time-dependent decay rate, the intrinsic effi-
ciency due to two-body collisions is found upon integration
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FIG. 2. BEC dynamics and intrinsic memory efficiency. Time
evolution of (a) the BEC size σ and (b) the corresponding decay
rates γ2-body and its effect on (c) the intrinsic memory efficiency
(i.e., not including write-in and readout efficiencies) due to only
two-body collisions (dashed lines) and a combination of two- and
one-body collisions (solid lines). We compare our protocol with stor-
age times τmem ≈ 5 s (blue) and τmem ≈ 100 s (orange) together with
the trapped case (yellow). The insets show a zoom of the respective
changes during the focus of the BEC for the case τmem ≈ 5 s, in
linear scaling. The black vertical lines indicate the timing of the DKC
pulses for the case with τmem ≈ 5 s. See Appendix A for simulation
details.

over time as

η2(ρ0(t )) = exp

(
−

∫ t

0

ρ0(t ′)
κ

dt ′
)

, (5)

where κ = m/(4h Im(asc)).
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FIG. 3. Intrinsic memory efficiency for different initial BEC
sizes σ0 and common initial peak density ρ0(0) = 2.3 × 1014 cm−3.
The black lines indicate the timing of the DKC pulses to collimate
and refocus the BEC. The inset shows the evolution of the two-body
decay rate shortly after release and during refocusing, in linear scal-
ing. See Appendix A for simulation details.

The intrinsic memory efficiency, η1(t ) · η2(ρ0(t )), is plot-
ted in Fig. 2(c). The solid lines include the effects of one-
and two-body collisions, whereas the dashed lines show only
the effects of two-body collisions. It is evident from the fig-
ure that the constant high density of the trapped case yields
a lifetime limit of around 100 ms by two-body collisions. In
contrast, the lifetime can be extended for the expanding and
refocused cases, proving that the memory decay rate can be
tuned by varying the BEC density via our protocol. The spike
in γ2-body [see Fig. 2(b)], due to the increased density during
refocusing, results in a sudden drop in intrinsic efficiency
(from 0.92 to 0.83), as seen in the inset of Fig. 2(c). The
magnitude of the drop depends on the initial atom distribution,
as shown in the following paragraph. The inset focuses on
the comparison between the effects of one- and two-body
collisions, η1 · η2, and the single two-body contribution, η2,
around the focus, for the case τmem ≈ 5 s. It highlights how
the main loss contribution on the short timescales is given by
two-body collisions (e.g., the contribution of γ1-body is limited
to about 4%). The one-body collisions become, instead, the
dominant loss mechanism at long storage times. For instance,
for τmem ≈ 100 s, the intrinsic efficiency due to γ2-body(t ) is
still around 0.90, whereas the collisions with the background
gas bring it down to 0.38.

The initial atom density distribution of the BEC determines
the expansion rate of the ensemble, which consequently af-
fects the achievable intrinsic memory efficiency, η1(t ) · η2(t ).
Figure 3 shows the trends of the intrinsic memory efficiency
for a set of three isotropic BECs with different initial sizes
σ0. All cases have, though, a common initial peak density
ρ0(0) = 2.3 × 1014 cm−3 to grant a common initial γ2-body(0).
The ensembles expand for 1 s, until collimation, and are then
refocused after TC = 3 s. The inset displays the trends of the
two-body decay rate for the three cases during the initial
expansion phase and around the focus. It is evident how, for
a common initial peak density, the ensemble expands faster
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efficiency η1 · η2 as a function of time for TC = 3 s (i.e., τmem ≈ 5 s)
during the focus of the BEC.

when it has a smaller initial size, yielding lower accumulated
losses from the two-body collisions and therefore granting
higher intrinsic efficiencies.

In order to calculate the overall efficiency, ηtot, we estimate
the optimal write-in and readout efficiency associated with an
ATS protocol (in this case in backward retrieval) as [66]

ηATS(ρ(t )) ≈ (1 − e−d (t )/(2F ) )2e−1/F , (6)

where F ≈ 2πB/� is the “ATS factor” depending on the
bandwidth B of the input pulse and the optical transition
linewidth �; see Appendix C. The effective OD, d (t ), results
from integration along the probe beam propagation of the
spatial overlap between the Thomas-Fermi density distribu-
tion of the ensemble and the intensity profile of the probe
beam [33]. In this paper, we consider a probe beam with a
waist of 1μm, which is smaller than the radius of the BEC
σ (t ), and a Gaussian temporal profile with full width at half
maximum τp = 2.4 ns. The pulse bandwidth, B = 180 MHz,
satisfies the condition for optimal ATS efficiency associated
with the condensate OD and the optical linewidth � [66].

The total efficiency for a series of on-demand readout cases
with different τmem is calculated through Eq. (3) and presented
in Fig. 4. The inset highlights separately the time-dependent
contributions to the total memory efficiency ηtot (blue line) for
the case with 5 s storage time: the ATS efficiency factor ηATS

(yellow line) and the intrinsic efficiency η1 · η2 (orange line).
The write-in and readout efficiency peaks, as expected, when
the BEC is focused down to its original size. The maximum in
the total efficiency is, however, shifted in time compared with
this peak. The enhanced density in the focus indeed leads to
a drop in the intrinsic efficiency, as shown in Fig. 2, which
in turn consistently causes the peak in the total efficiency to
be reached δτ before the focus is achieved. The magnitude
of this effect depends on the expansion rate of the BEC:
assuming a comparable initial density, a slower expansion

of the ensemble generally corresponds to a larger value of
δτ . Taking into account the three different expansion rates of
Fig. 3, we observe δτ ≈ 2 ms for the case with σ0 = 3μm
(blue line), which is also the case presented in Fig. 2; the shift
increases to δτ ≈ 5 ms for σ0 = 5.1μm (orange line); and
finally for the case with the slowest expansion corresponding
to the initial size σ0 = 6.5μm (yellow line), the shift rises to
δτ ≈ 7 ms. Nevertheless, these shifts remain orders of mag-
nitude lower than the storage times taken into account in this
paper.

Each point presented in the main graph of Fig. 4 is, thus,
associated with the peak total write-in and readout efficiency
after the BEC refocusing. Assuming ideal lensing potentials,
overall efficiencies >35% can be reached for τmem up to 100 s,
neglecting external sources of noise. With τmem of ≈100 s, the
proposed memory will thus exhibit an unprecedented time-
bandwidth product of ∼1 × 1010.

V. CONCLUSIONS AND OUTLOOK

In conclusion, by focusing on density-dependent effects on
the memory efficiency, we proposed an experimental protocol
that extends the storage time of BEC-based quantum mem-
ories. This method relies on matter-wave lensing to tune the
density of an expanding pure BEC in microgravity. We show
storage times that are ultimately limited by the vacuum quality
and the consequent collisions with the background gas. Note
that aberrations due to anharmonicity of the lensing potentials
or possible technical field inhomogeneities are not accounted
for in our simulations. Nevertheless, this method can open
up the way to push the limit of cold-atom-based quantum
memories to τmem ≈ 100 s storage time, which would be of
interest for growing demands of long-storage-time memories
for space operations [9–13]. We further show that implement-
ing the ATS memory technique in cold-atomic systems has
the potential to achieve exceptionally high time-bandwidth
products of around 1010, which is an order of magnitude
higher than the current state of the art with input-output-type
memories [67].

Finally, this protocol that relies on interaction-driven ex-
pansion to decrease the atomic density, and consequently the
collisional losses, followed by matter-wave optics techniques
to collimate and refocus the ensemble, has advantages that
are not restricted to the quantum memory field, but can have
applications for a broader audience. Proof-of-principle tests of
this technique should be readily possible within long-baseline
facilities [68–70] and microgravity platforms on the ground,
e.g., drop tower facilities [49,71], and ultimately in space
[35,36,41].
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APPENDIX A: SIMULATION OF THE BEC EXPANSION
AND REFOCUSING DYNAMICS

Our simulations of an interacting 87Rb BEC follow a
scaling approach with Gaussian-shaped trial functions, as

described in the main text. From this, a system of coupled
evolution equations can be obtained through a variational
ansatz [59,60], which contains the nonlinear interaction and
the potential for delta kick collimation with time-dependent
angular trap frequencies

ω(t ) =

⎧⎪⎨
⎪⎩

ω, for T0 − τDKC/2 < t < T0 + τDKC/2 (collimation),

ω, for T0 + TC − τDKC/2 < t < T0 + TC + τDKC/2 (refocusing),

0, otherwise,

(A1)

with T0, TC, and τDKC as defined in the main text. The s-wave
scattering length is set to Re(asc) = 100a0, where a0 is the
Bohr radius. The evolution of the ensemble’s size σ (t ) and
corresponding density distribution ρ(t ) of peak density ρ0(t )
are determined during the entire sequence employing the or-
dinary differential equation (ODE) solver ODE45.

Although we show our results using an isotropic ensemble
to enhance the clarity of presentation, it is worth noting that
our protocol can be readily applied to the more realistic case
of a BEC released from a cigar-shaped trapping potential.
Therefore our approach is not restricted to the isotropic case.

The starting sizes σ0 and atom number N0 are chosen to
set the initial peak densities to a common value of ρ0 = 2.3 ×
10−14 cm−3. The initial parameters presented in the figures in
the main text are given in Table I.

To put this into the perspective of a realistic experiment,
a three-dimensional (3D) numerical simulation based on a
split-step Fourier method has been used to find the ground-
state wave function of a BEC inside a harmonic release trap
[72,73]. We determine the angular trap frequencies ω0 by
matching the standard deviation of the atomic density dis-
tribution with the starting size of the scaling approach. The
corresponding trap frequencies are included in Table I.

APPENDIX B: DIFFERENTIAL AC-STARK SHIFT

One key feature of the DKC technique is that it relies
on inhomogeneous focusing and collimating fields. However,
such spatial inhomogeneities might create inhomogeneous
broadening of the relevant atomic levels, which, in turn, would
create further dephasing. In this Appendix, we quantify the
differential AC-Stark shift of the light fields in an all-optical
DKC scheme that we present in the main text and show that
the inhomogeneous broadening induced by the DKC pulses

TABLE I. Initial parameters for the scaling approach for the data
sets presented in Figs. 2 and 4 in the main text, and in Fig 3 with
the corresponding angular trap frequencies of a release trap obtained
with a split-step Fourier method.

σ0 (μm) N0 ρ0 (cm−3) ω0 (2π Hz)

Figs. 2 and 4 3.0 1 × 105 2.3 × 10−14 142
Fig. 3 3.0 1 × 105 2.3 × 10−14 142

5.1 5 × 105 2.3 × 10−14 84
6.5 1 × 106 2.3 × 10−14 65

is sufficiently small that they do not cause any significant
dephasing during the pulse duration.

For our optical atom lenses, we consider a harmonic-
shaped optical potential

VDKC(r) = −1

2
mω2r2 = − 1

2ε0c
Re(α) · I (r) (B1)

with atomic polarizability α|i〉(λ) of the two hyperfine ground
states |g〉 and |s〉 of 87Rb, representing |52S1/2, F = 1〉 and
|52S1/2, F = 2〉, respectively. In the calculation of the atomic
polarizability in the presence of the far-red-detuned field of
wavelength λ, we only take into account the D1 and D2 lines.
The inducing light intensity distribution is

I (r) = I0

(
1 − r2

h2
0

)
�(h0 − r), (B2)

where I0 is the peak intensity, �(x) is the Heaviside step
function, and h0 is the characteristic size. We choose the peak
intensity depending on h0 to obtain the desired trap frequency
for collimation of the lower-energetic ground state |g〉

ω =
√

α|g〉(λ)I0

mcε0h2
0

= 2π × 2.25 Hz. (B3)

The characteristic size of the potential is set to h0 = 1σmax,
2σmax, and 3σmax (which addresses 31.8, 87.0, and 99.2% of
the atomic density distribution, respectively), and we calculate
the differential AC-Stark shift via

δνAC = 1

2ε0c

I0

h
|α|s〉(λ) − α|g〉(λ)|. (B4)

Figure 5 illustrates the spatial distribution of the differ-
ential AC-Stark shift for variously sized potentials, with the
corresponding light intensities and trap frequencies, in com-
parison with the atomic density distribution during the DKC
pulses (as shown in Fig. 2 in the main text). The maximum dif-
ferential AC-Stark shift experienced by the atomic ensemble
has been calculated for potentials of different characteristic
sizes and wavelengths, as recorded in Table II, and we verify
that the decoherence caused by the DKC pulses for the case
presented in the main text (τDKC = 5 ms and λ = 1064 nm) is
negligible.
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FIG. 5. Comparison of (a) the atomic density distribution during
the DKC pulses (presented in Fig. 2 in the main text); (b) the optical
intensity distribution needed for a harmonic-shaped DKC potential
of (c) trap frequencies leading to (d) differential AC-Stark shifts
between the two hyperfine ground states for different characteristic
sizes h0.

APPENDIX C: MEMORY EFFICIENCY WITH THE
AUTLER-TOWNES SPLITTING PROTOCOL

The intrinsic memory efficiency calculations that are pre-
sented in the main text are independent of the specific memory
protocol. On the other hand, write-in and readout efficiencies
depend on the specific protocol, which may have different

TABLE II. Parameters of optical potentials for DKC and the
associated maximum differential AC-Stark shift experienced by the
atomic ensemble. We added the AC-Stark shifts associated with two
additional wavelengths for comparison.

λ (nm) h0 (mm) ω (2π Hz) I0 (W mm−2) δνAC (Hz)

1064 1.0 2.25 6.85 1.27
1064 2.0 2.25 27.42 5.06
1064 3.0 2.25 61.70 11.39

1000 3.0 2.25 51.93 14.40
900 3.0 2.25 32.26 25.86

behaviors with respect to ODs and noise. We decided to in-
corporate the recently demonstrated Autler-Townes splitting
(ATS) protocol [33,57] into our work due to its favorable de-
pendence on the OD and its low-noise characteristics. In this
Appendix, we discuss the main features of the ATS protocol
concerning bandwidth and efficiency, their connections with
each other, and the related OD calculations. We will follow
the treatment in Ref. [33] while doing so.

1. Optimal ATS efficiency in the backward
retrieval configuration

Throughout the main text, we assume backward retrieval
of the probe signal, using counterpropagating write-in and
readout control pulses. In this configuration, the readout dy-
namics are a time reverse of the ones occurring during the
storage procedure. This configuration allows us to reduce the
influence of the reabsorption of the retrieved pulses by the
atomic medium, which sets a limit on the maximum efficiency
achievable in the forward configuration [74,75].

The ATS efficiency in the backward configuration is [33]

ηATS back(ρ) ≈ (1 − e−d/(2F ) )2e−1/F , (C1)

where d is the effective peak optical depth and F = 2πB/�

is the “ATS factor” associated with the bandwidth of the
probe pulse B and the atomic transition linewidth �. In
the main text, we consider the D1 line of 87Rb; thus � =
2π × 5.7500(56) MHz [76]. We assume input pulses with a
Gaussian temporal profile, defined by a full width at half
maximum τp. The associated bandwidth for a Gaussian profile
is B = (2 ln(2)/2)/τp. Equation (C1) is maximized for band-
widths that are large compared with the atomic transition and
for optical depths which satisfy d/(2F ) � 4 [33,66]. All the
efficiencies presented in Fig. 4 in the main text are inferred for
B = 180 MHz, corresponding to the optimal bandwidth for
the peak optical depths taken into account in the calculations.

2. Effective optical depth

The effective optical depth of an atomic ensemble for probe
intensity far below the atom’s saturation intensity can be de-
rived from Beer’s law as

d = − ln

(∫∫
Iout (x, y) dx dy∫∫
Iin(x, y) dx dy

)
, (C2)

where Iin(x, y) [Iout (x, y)] represents the intensity distribution
of the input (output) beam propagating along the z direction
through the atomic ensemble. In our case, we assume as
input intensity a Gaussian beam profile, described by a peak
intensity I0 and beam radius w as

Iin(x, y) = I0 exp

(
−2

x2 + y2

w2

)
, (C3)

which leads to an output profile of the form

Iout (x, y) = Iin(x, y) exp [−d0(x, y)], (C4)

with the resonant optical depth profile expressed as

d0(x, y) = σ0

∫ L

0
ρ(x, y, z) dz = σ0ρ

2D(x, y), (C5)
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where σ0 is the resonant atom-photon scattering cross sec-
tion associated with the transition, while the second term,
ρ2D(x, y), represents the line-integrated atomic density distri-
bution.

For a BEC, the atomic density is defined by a Thomas-
Fermi profile, expressed as

ρTF(x, y) = μ

g

(
1 − x2

R2
x

− y2

R2
y

− z2

R2
z

)
, (C6)

where the peak density of the condensate is given by
μ/g, with μ representing the chemical potential and g =
4π h̄2Re(asc)/m representing the interaction parameter de-
pendent on the s-wave scattering length asc. Considering an
isotropic atomic ensemble, as in this paper, the Thomas-
Fermi radii are the same, Rx = Ry = Rz = R, yielding a

line-integrated atomic density

ρ2D(x, y) = 4R

3

μ

g

(
1 − x2 + y2

R2

)3/2

. (C7)

Substituting Eq. (C7) into Eq. (C5), it is possible to obtain
the resonant optical depth d0, which depends only on the
properties of the atomic ensemble. This needs to be inserted
within Eq. (C2) to obtain the effective optical depth d , which
takes into account the properties of the probing beam. It
should be mentioned that, as the Rayleigh length is compa-
rable to the size of the ensemble, we assume a constant size of
the beam in the integration. The highest d ≈ d0, and therefore
the highest memory efficiency, is reached when the probe
beam is focused on the region of the peak atomic density with
a size that is much smaller than the condensate.
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