
PHYSICAL REVIEW RESEARCH 6, L042002 (2024)
Letter

Light-induced fictitious magnetic fields for quantum storage in cold atomic ensembles
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In this paper, we have demonstrated that optically generated fictitious magnetic fields can be utilized to extend
the lifetime of quantum memories in cold atomic ensembles. All the degrees of freedom of an AC Stark shift, such
as polarization, spatial profile, and temporal waveform, can be readily controlled in a precise manner. Temporal
fluctuations over several experimental cycles and spatial inhomogeneities along a cold atomic gas have been
compensated by an optical beam. The advantage of employing fictitious magnetic fields for quantum storage lies
in the speed and spatial precision with which these fields can be synthesized. Our simple and versatile technique
can find widespread application in coherent pulse and single-photon storage across various atomic species.
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Introduction. Storing and retrieving information in network
nodes are crucial building elements for diverse applications
ranging from long-distance quantum communication [1,2] to
large-scale quantum computation and simulation [3]. Quan-
tum storage of single photons as well as memories for
coherent light have been realized in a plethora of physical
systems ranging from single atoms in optical cavities [4], to
hot atomic vapors [5] and Mott insulators of quantum de-
generate gases [6], and from ion-doped crystals [7] to optical
microresonators [8]. Cold atomic ensembles, in particular, can
be ideal memory platform not only for leading to the highest
efficiency storage in record [9,10] but also enabling storage of
diverse types of quantum states [11–14].

In recent years, while considerable progress has been
made for the storage efficiency of absorptive quantum mem-
ories [2,15,16] based on elongated cold atomic ensembles
[9–11,17], a critical challenge still persists: extending storage
lifetimes. Up to now, quantum qubits or photonic entangled
states with that exhibit storage efficiencies higher than 80%
suffer from short storage lifetimes, typically below 100 µs,
that is the threshold for quantum communication within
metropolitan areas [2,11,17].

Several mechanisms lead to the degradation of stored quan-
tum states in an atomic ensemble over time. The influence of
the Doppler broadening and motional dephasing of the stored
spin waves can be reduced by increasing the wavelength of
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the spin waves via perfect phase matching between optical
fields [18], cooling the atomic gases to sub-Doppler temper-
atures [19], and further limiting the atomic motion by the
means of optical lattices [20]. However, even with minimized
atomic motion atomic ensembles still suffer from decoherence
caused by ambient magnetic fields, and therefore magnetically
insensitive clock transitions, e.g., (mF , mF ′) = (0,0) can be
chosen [21]. Together with dynamical decoupling, which is
efficient for dephasing because of inhomogeneous broaden-
ing, the storage lifetime can be extended to seconds, but the
above operations generally result in lower atom numbers, and
thus retrieval efficiencies in the order of 10% [22,23].

To achieve both appreciable storage efficiency and lifetime,
precise control of the residual magnetic fields on the atomic
ensemble is essential. The deleterious effects of the external
magnetic fields are typically addressed by the active stabi-
lization from compensation current-carrying coils [24–26].
However, to reach high optical densities and therefore suf-
ficient storage efficiency, the atomic clouds must be more
than 2 cm in length, and the spatial gradient of magnetic
field caused by the compensation coils is then detrimental.
Meter-scale compensations coils generate relatively smooth
fields and therefore cannot compensate for inhomogeneities in
the scale of millimeters. In addition, they are typically rather
slow with activation times in the order of several milliseconds.
Therefore, compensating for these spatial inhomogeneities
in such timescales could benefit from a complementary ex-
perimental approach. One promising path to address these
challenges involves exploiting the AC Stark effect [27]. The
AC Stark effect was originally introduced to describe the en-
ergy shifts on an atomic level induced by time-varying electric
fields, and it is caused by the tendency of the atomic dipoles
to align with these light-induced oscillating electric fields
[28,29]. As was demonstrated recently, AC Stark shifts of
spatially imperfect optical beams can have a direct influence
on free-induction decay signal (FID) [30]. AC Stark shifts
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FIG. 1. Experimental scheme for controlling atomic optical stor-
age with fictitious magnetic fields. (a) Optical setup. A pulsed probe
signal, ωp, is stored via EIT by a control beam, ωc, in an elongated
atomic cloud. The retrieved signal, ωp, is detected after storage by a
high-gain photomultiplier (PMT). An AC Stark shift laser beam, ωAC ,
is utilized to compensate for inhomogeneities that lead to storage
decay. (b) Mechanism of compensation of nonuniform energy shifts
by fictitious magnetic fields. When BAC (z) = −Bext (z) the maximum
storage is reached. (c) � configuration for atomic optical storage
and the AC Stark laser beam. The atoms are initially prepared in the
ground state |1〉. The probe and the control beams are both circularly
polarized. All these laser beams have a wavelength of approximately
795 nm.

have emerged as a powerful tool in fundamental science and
in quantum technology research with widespread application
in atomic spectroscopy, laser cooling and trapping, spin wave
manipulation [30–32], and even in single-spin addressing
[33], among many others.

In this Letter, we demonstrate the efficacy of precisely
controlled fictitious magnetic fields, generated by AC Stark
shifts [27], for extending the lifetime of quantum memo-
ries in cold atomic ensembles. Our approach harnesses the
full flexibility of AC Stark shift beams (alternatively AC
beams), allowing precise engineering of polarization, spatial
profile, and temporal waveform to compensate for temporal
fluctuations and spatial inhomogeneities of magnetic origin in
an atomic ensemble. We demonstrate experimentally that the
vector components of the AC Stark shifts can act on quantum
storage equivalently to standard magnetic fields. Notably, with
high speed and spatial precision, the fictitious magnetic field
generated via nondestructive configurable AC Stark potentials
offers a versatile method to manipulate atomic coherence
in diverse physical systems such as atoms and ion-doped
solids across various settings such as processors based on spin
waves, gradient echo configurations, and even atomic clocks
and quantum simulators.

Experimental setup and theory. We use an elongated cloud
of cooled rubidium atoms to perform optical storage, as shown
in Fig. 1(a). The atoms are prepared to the lowest hyperfine
manifold |1〉 in a dark-line two-dimensional magneto-optical

trap (MOT) [34]. After MOT loading, the atoms are released,
and a 1.7 ms experimental window of light storage and re-
trieval starts. A submicrowatt pulse of laser light ωp is stored
as atomic coherence by a control beam ωc utilizing an elec-
tromagnetically induced transparency (EIT) storage scheme
when � = 0 [35] or a Raman scheme for � �= 0 [36]. An
AC Stark shift beam ωAC is spatially engineered to have a
highly controllable intensity or polarization profile by a spatial
light modulator [37,38], while its temporal waveform can also
be synthesized by arbitrary signal generators. In general, the
complex Rabi frequency of this AC Stark shift beam, which
is used to compensate for unwanted Zeeman shifts and thus
extend the lifetime of the stored atomic coherence, can take
the spatiotemporally modulated form of �AC (x, y, z, t ). In
Fig. 1(b), we elucidate the physical mechanism that enables
us to rectify spatial inhomogeneities (or temporal fluctuations
if z → t) of the spin wave distribution. The three-level system
for light storage in 85Rb together with the AC Stark beam is
shown in Fig. 1(c) [39].

In general, the Hamiltonian of a multilevel atomic gas
interacting with a laser beam will have spin-dependent terms.
The energy shifts of the various mF states can be classified
as scalar, vector, and tensor, and the spin-dependent vector
shifts are the ones utilized here for controlling the storage
lifetimes [40]. A single beam with nonuniform spatial profile
and arbitrary polarization can generate a space-dependent syn-
thetic magnetic field. The situation is quite simpler for an AC
Stark shift beam interacting with 85Rb atoms with a detuning
δAC larger than the hyperfine splitting (�Ehfs = 3.036 GHz),
and at the same time much smaller than the fine struc-
ture splitting (�E f s = 7.1 THz) [39]. The contribution of the
tensor term is negligible, while the scalar term causes mF -
independent shifts, which are at the same time much smaller
than the spectral window of the EIT, so they can be ignored
for space-independent fictitious fields (see the Supplemen-
tal Material [41]). In this case, the experimentally relevant
part of the Hamiltonian H will be approximated only by a
spin-dependent, Zeeman-like vector term Hv that for a given
detuning δAC is proportional to the intensity of the AC beam,
as well as the involved mF state (see the Supplemental Mate-
rial [41]). This vector term takes the simple form

Hv (x, y, z, t ) = qμACmF |�AC (x, y, z, t )|2, (1)

where q = 0,±1 represents respectively linearly and circu-
larly polarized AC light, μAC depends on the associated
atomic transitions and can be considered an effective Bohr
magneton-like factor that converts fictitious magnetic fields
to energy shifts. This fictitious magnetic field term Hv can in
principle be spatiotemporally modulated following the Rabi
frequency �AC [30].

Equation (2) provides a direct way to elucidate the physical
mechanism that relates magnetic fields and the time depen-
dence of quantum storage retrieval efficiency η [20,41–44],

η(t ) = |〈�t |�t=0〉|2

=
∣∣∣∣∣∣

1

N

∑
mF ,mF ′

amF

∫
n(z)eiμBgFF ′ (mF ,mF ′ )(B0+B1z+B2z2 )t dz

∣∣∣∣∣∣
2

× exp(−	t ). (2)
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FIG. 2. Controlling optical storage in an atomic ensemble with
an AC Stark beam. (a) Storage lifetime as a function of compensation
coil magnetic field along the direction z. The three curves correspond
to AC Stark shifts equivalent to 6.7 mG (blue), 0 mG (orange), and
−9.6 mG (green). (b) The orange curve illustrates the relationship
between storage efficiency and storage time at a residual magnetic
field of 5.8 mG. The blue curve represents the result compensated
by fictitious magnetic field. These curves correspond the shadowed
discs of (a). (c) Storage lifetime as a function of the AC Stark beam
intensity. The inset shows the linear dependence of the fictitious
magnetic field on the intensity of an AC Stark beam. (d) Storage
lifetime as function of the polarization of the AC Stark shift beam
for two different initial external magnetic fields 9.6 mG (orange)
and −7.7 mG (blue). The reported fields are the ones experimentally
determined, while the fitting curves (see the Supplemental Material
[41]) correspond to theoretical fields scaled by 0.5.

In Eq. (2), for notation simplicity, we do not differentiate
the standard from the light-induced magnetic fields. n(z) is the
spatial distribution of the cold atomic ensemble with the total
atoms number of N . amF are the factors associated with the
population of the mF states and the strength of the relevant
two-photon transitions for storage. gFF ′ = mF ′gF ′ − mF gF ,
where gF and gF ′ are the g factor of the corresponding atomic
levels. For same polarization q for the probe and control
beams of the storage scheme mF ′ = mF + q. The magnetic
field terms B0,1,2 refer to bias, gradient, and curvature, re-
spectively. The exponential decay factor can also be replaced
by a Gaussian one depending on the origin of any additional
decoherence mechanisms that do not stem from magnetic
fields, such as motional dephasing [18].

Controlling storage by AC Stark shifts. Storage of light
in a cold atomic ensemble is particularly sensitive to
spin-dependent energy shifts that commonly originate from
uncompensated magnetic fields [42]. In Fig. 2, we experi-
mentally demonstrate how an AC Stark beam that emulates
synthetic magnetic fields can optically control the storage
in an atomic memory. Here, to create a spatially uniform
fictitious magnetic field along the long axis of the MOT we
use an AC beam with a waist radius of 1 mm propagating
practically parallel to this axis (θ = 3 ◦) with a detuning δAC =
2π × 25.6 GHz.

In Fig. 2(a), we show that the energy shifts because of
the AC beams create effective bias magnetic fields that with
respect to storage lifetimes are indistinguishable from fields
generated from standard magnetic coils [27]. To demonstrate
this, the current in a compensation coil along the direction
z is varied when no AC beam is present or when an AC
beam, with an intensity of IAC = 4.5 mW/mm2 and circular
polarization σ+ or σ− is applied. The reversal of polarization,
as indicated in Eq. (1), leads to opposite magnetic fields, while
the distance of the peaks is a direct measure of the magnetic
field amplitudes [27].

Two typical storage decay curves are presented in Fig. 2(b).
When the residual bias magnetic field along the MOT axis is
uncompensated a shorter lifetime is observed [42], when the
AC Stark beam creates a bias-like energy shift the storage is
restored. The AC-induced field is experimentally estimated to
be 5.8 mG and has a direction along z. We attribute a nominal
field zero for the maximum lifetime achieved only by bias
compensation.

We illustrate the effect of the AC Stark beam optical power
to the light storage in Fig. 2(c). Each data point is retrieved
from the 1/e decay of curves similar to Fig. 2(b), while
the fitting curves are calculated based on Eq. (2). A slight
asymmetry on the high-power side can be attributed to optical
pumping and scattering because of the AC beam (see the
Supplemental Material [41]). Our assumption is that these ef-
fects pose the main limits on the maximum effective magnetic
fields reachable. Figure 2(c) (inset) shows the expected linear
dependence of the AC-induced magnetic fields on the optical
intensity.

The polarization of an AC Stark shift can provide an addi-
tional degree of freedom and can be used to generate arbitrary
magnetic fields [27]. In Fig. 2(d), the storage lifetime is mea-
sured when the polarization is tuned continuously from left
to right circular passing from the zero-magnetic fields linear
case.

Space-dependent fictitious magnetic fields. Precise
manipulation of fictitious magnetic fields in the spatial
domain can be instrumental in correcting for inhomogeneities
that stem from nonuniform stray magnetic fields. Recent
experiments on quantum storage of photons in cold atomic
ensembles have attributed certain limitations to the storage
lifetimes to inhomogeneities in the range of �B = 10 mG
[9,45]. In Fig. 3, we demonstrate that AC Stark shifts can
introduce effective magnetic fields that match the most
commonly occurring lowest-order inhomogeneities such
as linear and quadratic. We have utilized a Raman storage
scheme [36,46] that addresses only one of the available
ground magnetic states mF , and therefore the contributions
of the bias fields are decoupled from the storage lifetimes.
Spatial modulation of the AC Stark shift beam has been
done by a spatial light modulator (SLM) [37,38] as shown in
Fig. 1(a) and detailed within the Supplemental Material [41].

As shown in Fig. 3(a), with double axes we demonstrate
the similar dependence of storage on magnetic field gradients
on a current coil and the AC Stark beam. The fitting curve
for the AC-Stark results (blue line) is based on Eq. (2), for
gradients with a maximum value of 9 mG/cm and 2 mG/cm
for polarizations σ− and σ+ respectively, with optical power
P = 17.4 mW for a red detuning of 17.2 GHz. Figure 3(b)
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FIG. 3. Compensating spatial inhomogeneities with AC Stark
beams. (a) Storage lifetime dependence on the gradient of linearly
dependent effective magnetic fields (blue line) induced by an AC
Stark beam for σ+/σ− polarizations, and standard magnetic fields
with opposite gradient B1,ext (orange line). The lifetimes are the
1/e points for curves similar to (b). (b) Retrieved pulse intensi-
ties as a function of time for optically induced gradient ±B1,AC

(green/blue open markers), and standard magnetic field gradient
±B1,ext (green/blue solid markers). The orange curve and data cor-
respond to the storage decay when no compensation is applied
(orange open markers) and when the two fields opposite to each other
(orange-solid markers). (c) Storage lifetime dependence for the state
mF = 1 when no compensation fictitious magnetic fields are applied
(BAC = 0, gray line), when a gradient field partially compensates
the nonuniformities because of a quantization field (BAC = +B1,ACz,
green line), and when a quadratic term is also added (BAC = B1,extz +
B2,ACz2, orange line). The reference (blue line) is the storage decay
starting from the nonmagnetic mF = 0 state. (d) Theoretical predic-
tion of the storage lifetimes as a function of uncompensated linear
B1 and quadratic terms B2 for the mF = 1 state. The colormap is
normalized to a maximum storage time τB=0 that is independent of
magnetic fields.

shows that optically induced AC Stark shifts with linear space
dependence can correct for the weak residual gradient mag-
netic fields existing in the environment. This residual field
leads to a storage lifetime of approximately 22 µs (orange line)
for the state mF = 1. When the AC Stark beam with linear
dependence and positive slope, because of the polarization
σ−, is applied, +B1,ACz, the lifetime can be improved (blue
line). On the other hand, if the polarization is reversed the
effective field gradient will be opposite, −B1,ACz, and the
storage will be severely reduced (green line). We have also
demonstrated that an AC-induced gradient (solid markers) can
have identical effect with a purely current-induced magnetic
gradient (open markers) and cancel external magnetic field
gradients in the order of several mG/cm.

The highest degree of cancellation of magnetic fields
would lead to the stored light in magnetic states reach-
ing the magnetically insensitive state mF = 0 that acts as
a reference (blue line). With that target, we have compen-
sated the linear gradient (green line), and we have added a

parabolically modulated AC Stark beam B2,ACz2 (orange line)
and further improvement of storage lifetime of the completely
uncompensated decay (gray line) as shown in Fig. 3(c). By
this approach, we have achieved more than a fivefold im-
provement of the storage lifetime: from 18 µs (gray line) to
100 µs (orange line). The remaining gap between the highest
lifetime of the mF = 1 states and the lifetime of the mF = 0
states can be attributed to higher terms of the uncompensated
magnetic fields and contributions from the stray RF fields. The
lifetime of the reference state itself is currently predominantly
limited by dephasing stemming from thermal motion [18,41].
In Fig. 3(d), we complement our experimental observations
with theoretical predictions for the combined effect of linear
B1 and quadratic terms B2 on the lifetime of light storage in a
cold atomic ensemble of mF = 1 atoms [43,44].

Time-dependent fictitious magnetic fields. While compen-
sation of stray magnetic fields is routinely performed with
standard current carrying coils, AC Stark shifts because of
their optical origin have two distinct features that make them
compelling for application in quantum storage: they can be
spatially sculpted in the micrometer scale in arbitrary patterns,
and in the temporal domain can be readily modulated even
in the nanosecond regime. A proof-of-concept demonstration
of temporal compensation of external magnetic fields is pre-
sented in Fig. 4. Magnetic field variations can be detrimental
for an atomic memory and significantly reduce the quality of
photon storage via minuscule random fluctuations during the
storage time or via larger longer-term instabilities. Here, in
Fig. 4, we demonstrate a method to address the longer-term
instability issue by compensating a random external magnetic
field by employing an AC beam that induces an opposite effec-
tive magnetic field. The left panel of Fig. 4(a) shows the time
series of the two opposing fields, while its right panel shows
a histogram of the N = 13 intensity levels of the AC Stark
beam (blue line) applied to compensate for the corresponding
magnetic fields (red line). The random, Fig. 4(a), but known
control magnetic field that can be varied in every experimental
cycle is applied to the atoms and the atomic storage decay is
observed. As seen in Fig. 4(b), a reduced storage lifetime is
observed when no compensation beams are used (orange line).
We observed a similar behavior when a calibrated AC beam
was applied in isolation. When the control magnetic field
and the AC beam are applied together the storage lifetime is
restored (blue line) to the no-magnetic-field case (green line).

To demonstrate the robustness of this technique, we have
repeated, as shown in Fig. 4(c), this experiment for different
peak-to-peak random modulations of the magnetic field and
were able to compensate them and restore the storage lifetime
to its initial value of approximately 65 µs (blue line). The
storage lifetimes without AC compensation naturally follow
an exponential-like decay (orange line). This decay is in
agreement with numerical simulations that average the storage
decays for fluctuating magnetic fields with increasing peak-to-
peak variations, but with a scaling factor of approximately 0.5.

Conclusions. In this paper, we have demonstrated that
optically generated fictitious magnetic fields can extend the
lifetime of quantum memories in cold atomic ensembles. All
the degrees of freedom of an AC Stark beam, such as polar-
ization, spatial profile, and temporal waveform, can be readily
controlled in a precise manner, and remarkable improvements
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FIG. 4. Controlling optical storage in an atomic ensemble with a time-varying AC Stark beam. (a) (Left) Time series of the random bias
magnetic field (red line) changing in 1 Hz, and the corresponding compensating fictitious field (blue line). (Right) a histogram of the uniform
intensity distribution of the N = 13 values of the AC Stark beam. (b) Retrieved pulse intensity as a function of storage time when only a
time-varying control magnetic field in a range of �B0,ext = 6.8 mG (orange circles) is applied, when a compensating AC beam is applied
simultaneously with the external magnetic field (blue squares), and when no perturbing magnetic or optical fields are applied (green triangles).
The solid lines represent the corresponding theoretical fits. (c) Storage lifetimes as a function of time-varied applied magnetic fields in the
range 〈�B0,ext〉 are acting solely (orange circles), and for the case that the AC beam is compensating the field variations (blue circles). The
solid lines are a constant (blue line) and a fit from statistical averaging of the fluctuating magnetic fields (orange line).

of the storage lifetime are recorded. AC Stark shift beams have
the potential to create synthetic magnetic fields with submi-
crometer spatial resolution and tens of nanoseconds switching
times. The aforementioned advantages of fictitious magnetic
fields are particularly pronounced for effective magnetic fields
up to a few tens of mG and can be readily used to address
inhomogeneities corresponding even down to µG. A limita-
tion of the demonstrated method is that inhomogeneities of
the scalar terms of the AC Stark shifts themselves cannot be
simultaneously compensated for all mF states. An immediate
next step is to demonstrate inhomogeneity compensation in
the spatiotemporal domain by machine learning [47]. While
here we focus on perturbations from magnetic fields our
method can find application in other disturbances originating
for instance from imperfect profiles of the write and read
beams. The versatility of the AC-induced fictitious fields can

complement standard magnetic fields for any storage scheme
for other atomic systems, and we envision that can be
exploited for realizing periodic artificial gauge fields to ma-
nipulate dark state polaritons that are featuring a hybrid
atom-photon wavefunction [48,49]. Space dependence can be
used to engineer the momentum of the stored spin waves, and
the temporal periodicity leads to Floquet engineered effective
Hamiltonians similar to the ones emerging for photons [50]
and quantum degenerate gases [51].
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[30] A. Leszczyński, M. Mazelanik, M. Lipka, M. Parniak, M.
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