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Abstract
By harnessing optical memories based on Electromagnetically Induced Transparency in warm
vapors of gaseous alkali metals and cold atomic clouds, this article presents new methods for
motion sensing. The proposed scheme for velocimetry can substantially increase the sensitivity
of some recent works based on light-dragging effect in a moving medium and, on the other
hand, our proposal, when realized using cold atoms, opens new research questions with regards
to limits of light storage in cold atomic clouds. Ultimately, a detailed experimental setup
is presented for realization of the velocimetry scheme using stopped light, which includes
considerations for choice of the medium, laser configuration and control. By investigating the
limits of optical memories in motion sensing applications, this research opens up new avenues
for employing optical memories beyond applications in quantum information science.

1. Introduction
Quantum memories are fundamental components in quantum communication and quan-
tum computation [1], and significant research has been conducted to realize and develop
them in various media and physical systems for storage of either single photons or classical
optical pulses [2, 3, 4, 5, 6]. Focusing on alkali metal atomic ensembles, such optical
memories have been realized by employing various schemes [3, 7, 8, 9], among which,
electromagnetic induced transparency (EIT) in warm vapor cells of cesium or rubidium
have exhibited high levels of storage efficiency [10] and storage times up to 1 second [11];
extending the limits of optical memories for applications at room temperature.

On the other hand, motion sensing based on optical interferometry is a well-established
technique [12, 13, 14, 15]. Recently EIT has been employed to measure the velocity
of a moving medium, leveraging Fizeau’s light-dragging effect [16, 17]. Based on the
light dragging effect, as an optical field passes through a moving medium, dispersion
leads to a phase shift proportional to the velocity of the medium, i.e. ∆ϕ = FdV , with
Fd being the dragging coefficient and V being the medium’s velocity. In terms of the
refractive index of the medium and its dispersion, the dragging coefficient can be written
as Fd = 1 – 1/n2 + (ω/n)[∂n/∂ω], with n being the refractive index of the medium, and ω
being the frequency of the light. In the usual dispersive media, Fd ∼ 1, which means for
low velocities the resulted phase shift becomes challenging to detect. In EIT, the dispersion
of the medium is enhanced by orders of magnitude, while, simultaneously, the absorption
of the optical field is suppressed, leading to a more significant light-dragging effect. This
development has opened up new possibilities for utilizing quantum optical methods, such
as light storage in optical memories, in motion sensing.

In this article we propose a novel method of motion sensing employing optical mem-
ories based on EIT in cold and warm alkali gases. Realizing this proposal helps to ex-
tend the use of optical memories in quantum sensing [18, 19], and would test the limits
of these systems for applications beyond quantum information science. This paper is
organized as follows: in Section 2 we outline how EIT can be used to enhance the
light dragging effect. This is followed by Section 3, where we propose a scheme of
velocimetry based on light storage in warm vapors focusing on phase coherence in light
storage, as well as, the extend at which a vapor cell in motion can efficiently store and
retrieve an optical pulse. Attempting to extend these limits can significantly enhance
the sensitivity of motion sensing based on slowed light in EIT. In Section 5, we pro-
pose utilizing light storage in cold atomic clouds in a regime where number of photons
in an optical pulse approaches the number of atoms in the cloud, i.e. nphotons ∼ natoms.
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2. Enhancing light-dragging using EIT
EIT can be implemented by coupling two ground states, |1⟩
and |2⟩ to a mutual excited state,|3⟩, in a Λ-scheme [20].
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Figure 1. Electromagnetically induced transparency. a) The relevant Λ-
scheme and b) dispersion (red) and absorption (blue) characteristics, which
are related to the real and imaginary parts of the susceptibility X, respec-
tively. See text for details.

Here, Ωp, and Ωc are the Rabi frequencies of the probe and
control field, coupling the ground states |1⟩ and |2⟩ to a com-
mon excited state |3⟩, with frequencies ωp and ωc, respectively.
The probe field has a detuning δ, which is used to scan the
frequency of the probe field and observe the EIT phenomenon
(1a). The EIT condition is satisfied by havingΩp ≪ Ωc, where
sweeping ωp around the resonance reveals a narrow frequency
window where the medium exhibits full transparency. The
transparency window has a linewidth γEIT = γ12 + |ΩC |2/γ13,
where γ12/13 is the decay rate between states |1⟩ – |2⟩ and
|1⟩– |3⟩. In this condition, the medium simultaneously exhibits
high dispersion and low absorption (1b), leading to a large
dragging coefficient, i.e. Fd ≫ 1. This high dispersion also
leads to a reduced group velocity of the probe field [21]:

vg =
c

1 + g2N
Ωc

2

(1)

where, g is the coupling strength, and N is the number of
atoms. Fine tuning the ratio Ωp

Ωc
[22], as well as, increasing

the number of atoms [23], i.e. optical depth, can result in
extremely slow group velocities in the probe field, and a slow
group velocity means the possibility of compressing an spatially
extended optical pulse within a few-centimeter-long vapor
cell.

In this regime, the accumulated phase caused by light-drag
can be calculated from the formula [16, 17, 24]:

ϕ = –
k0VL

vg
= –k0vτd (2)

where, k0 is the wave vector of light in the lab frame, L is the
interaction length of the medium, and τd ≡ L/vg is the time
light spends in the medium. However, since the time delay
τdelay ∼ 100 µs [16, 17, 23, 25], detecting the phase shift from
the dragging effect when dealing with slow medium velocities,
V ≪ 1, becomes extremely challenging.

3. Velocimetry using light storage

In velocimetry using EIT [16, 17], the Fizeau’s light-dragging
effect is at the core of the process and the phase shift is resulted
from the change in the phase velocity of light as the medium
moves; EIT enhances this effect by increasing the dispersion
of the medium and reducing the group velocity of the probe
field; therefore, the delay time τd is significantly increased. In
addition to reducing the speed of light, EIT also allows the
light pulses to be completely halted and stored in the medium
for some storage time τs. In our proposed method, the mea-
surement of the phase-shift in the beat-note is similar to the
previous works, however, by leveraging light storage in atomic
media, the phase-shift is rooted at a fundamentally different
physical phenomenon. The setup proposed here measures
the phase shift of the beating signal by comparing the phase
of the signal at two separate spatial points along a reference
field. The process may be thought of as a delayed imbalanced
Mach-Zehnder interferometer; such that the length of the
delay arm is set by the storage time and the phase evolution of
the probe field in the delay arm is set by the phase coherence
of the control field and the storage process. In spite of this
difference, it will be seen that the mathematical description for
measuring the velocity of the moving medium remains the
same, giving us a framework for comparing the sensitivity of
the two methods.

In order to store an optical pulse using EIT, once the probe
pulse is compressed within the medium, the control field is
adiabatically switched off. This process converts the input
photonic excitation to a coherence between the ground states
|1⟩ and |2⟩, also called a dark-state polariton [21]. The retrieval
is the time-reversal of this process: control field is adiabatically
switched back on and the stored excitation is converted back
to an optical field which then leaves the medium along its
initial direction [26, 27]. The storage time in this scheme de-
pends on several factors such as, ground state decoherence rate,
electric and magnetic field noise and optical beam diameters
in warm gases [28]. The phase information has been shown
to be preserved and coherently retrieved during writing and
retrieving the optical pulse [29]. Furthermore, precise mea-
surement and control of the phase of the retrieved pulse has
been demonstrated [30, 31]. These features make EIT-based
optical memories suitable tools for utilizing optical interferom-
etry in developing displacement sensors.

Spatial transport of stored optical pulses [32] has lead to new
proposals for quantum communications [33]. In our proposed
method, displacement is detected by storing the probe field
in a moving alkali vapor cell and monitoring the phase of an
optical beating signal between the probe field and a reference
field, which is detuned far enough not to be affected by the
EIT condition. Before entering the medium, the phase of
the beating signal is initially detected by the photodetector
DI . The control field is launched simultaneously, creating the
conditions for light storage. At this moment, the probe field is
stored for a storage time τs; meanwhile, the medium moves at
some average speed V , resulting in a displacement of ∆x = Vτs.
The probe field is retrieved after τs and the phase of the beat
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signal is then detected by the second detector DII . During this
process, the phase of the beating signal is influenced by both
the storage time and the medium’s displacement, which can
be measured by comparing the phase of the detected signals.
In order to have a high efficiency in storing the probe pulse
and reading the phase of the beating signal, two factors should
be considered; firstly, the bandwidth of the probe field pulse
should be narrow enough to fall into the EIT linewidth γEIT ,
and, simultaneously, much higher than the frequency of the
beating signal, to include sufficient number of oscillations for
phase measurements. The schematic of the proposed setup is
presented in Fig.2a.

Fig. 2b shows the principle underlying the stopped light
velocimetry. The process can be split into two steps. In the
first step, at time t0, the beating signal between the probe
field and the reference field is detected by DI , and the phase
information is recorded as ΦI (t0). This phase information sets
a reference point, relative to which, all the changes in the phase
of the beating signal can be measured. Simultaneous with this
initial phase measurement, the light is stored in the vapor cell;
after a storage time of τ, without moving the cell, the phase
information of the beating between the retrieved pulse and
the reference field will be detected by DII , and recorded as
ΦII (t1,∆x = 0), where t1 = t0 + τs. Any change in the phase,
as compared with the reference phase ΦI (t0), will reveal the
phase accumulation during the light storage coming from
the beating frequency and the inner dynamics of the storage
process [11, 31]. We call this step the calibration step:

∆ΦCal. ≡ ΦII (t1, x0∆x = 0) – ΦI (t0) (3)

ΦCal. is only dependant on τs and sets our next reference
point for measuring the influence of the motion of the stage. In
the next step, the phase of the beating signal is again detected
at detector DI at time t′0, and simultaneously stored in the
medium. However, this time, during the storage time τs,
the vapor cell is moved at a constant speed V , ending up in
the position x0 + Vτs. After retrieval of the stored light, the
phase of the beating signal between the probe field and the
reference field is measured at the second detector and the phase
information ΦII (t′1,∆x = Vτs), where t′1 = t′0 + τs is recorded.
We name this step the measurement step:

∆ΦMeas. ≡ ΦII (t′1,∆x = Vτs) – ΦI (t′0) (4)

As indicated in Fig. 2b, the difference between ∆ΦMeas. and
∆ΦCal. should only be originating from the movement of the
vapor cell:

∆ΦMeas. – ∆ΦCal. = kVτs (5)

with k being the wave-vector of the reference field. Fig. 2c
shows a hypothetical phase measurement sequence. The "ref-
erence" curve (green) shows the beating signal as it is recorded
by DI at times t0 or t′0. For simplicity the curves for these two
instances are plotted with the same phase. The "calibration"
curve (red) is the recorded beating signal by DII at time t1. The
"measurement" curve (orange) is the recorded beating signal
by DII at time t′1. By knowing the phase shift in the calibration

step, one can calculate the phase shift purely resulted from the
movement of the cell. Comparing equations 2 and 5, it is clear
that, in both cases, the sensitivity in measuring the velocity is
inversely proportional to the storage/delay time, i.e. δV ∝ τs/d .
The EIT delay times reported in the literature are usually in
the range of ∼ 10 µs– ∼ 100 µs [3, 17, 22, 34], whereas the
range for storage time of optical pulses in these media can lie
in the range of ∼ 1 ms – 1s [11, 35]. Comparing these two
time ranges indicate that by using the light storage protocol
instead of only delayed light, in principle, this sensitivity can
be enhanced by several orders of magnitude.

4. Potential Implementation
In this section, we demonstrate in detail features of a suit-
able experimental setup for testing the proposed velocimetry
scheme using alkali warm vapor. At the heart of the setup
is a warm vapor cell of an alkali metal; and, among different
options, the D1 transition lines of 133Cs and 87Rb offer suitable
conditions with sufficient energy splitting between the excited
levels, so that the competing EIT paths of the overlapping
excited states do not affect the EIT visibility [36, 37]. Besides
the choice of the alkali metal, the buffer gas filling the vapor
cell can play an important role in order to reduce the diffusion
of the atoms outside of the optical fields, as well as decoherence
due to inelastic collisions between the alkali atoms [38, 39].
Several studies show that noble gasses or molecular nitrogen
with pressures ranging 10-30 Torr improve the performance
of such optical memories [40, 35]. For containing the alkali
metal vapor and the buffer gas, usually quartz cell with wedged
walls attached at an angle are used. The walls are wedged in
order to minimize the interference effects due to surface reflec-
tions, however, such a wedge deflects the path of the beam as it
passes through the cell walls, leading to off-axis displacement
of the retrieved light as the cell moves forward. Therefore, for
the suggested setup, having a vapor cell with wedged walls
should be avoided. The cell is placed inside a holder designed
to hold heaters and thermostats to control and monitor the
temperature of the cell and achieve the desired optical depth.
Shielding the medium from the noisy electromagnetic fields
in the surrounding is another key factor in obtaining an effi-
cient optical memory. Enclosing the vapor cell in two layers
of concentric cylindrical µ–metals, with dimension carefully
chosen to minimize surrounding electromagnetic fields in the
transverse direction [41], could create the sufficient conditions
for achieving storage times close to 1 ms in a compact and
portable setup [35]. In order to mimic the movement of the
medium, automated translation stages with minimum incre-
mental motion as low as ∆x ∼ 1 nm is available in the market
and can test the precision of the proposed scheme down to
nm/s scale.

In order to realize the Λ–scheme EIT in the D1 transition a
strong control field, P ∼ mW, on the F = 4←→ F′ = 3 transi-
tion in Cs or on the F = 2←→ F′ = 1 in Rb, and a weak probe
field, P ∼ µW, on the F = 3←→ F′ = 3 or F = 1←→ F′ = 1,
in Cs and Rb respectively, can be tuned. Two separate lasers
can be used to achieve better tunability of the control and
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Figure 2. Setup and the theory scheme. a) Schematic of the optical setup. The inset shows the pulse sequence matched with the position of the vapor cell. b) A
time-space visualization of the velocimetry protocol: Detector DI records the phase of the beating signal at times t0 or t′0; depending on the movement of the vapor
cell, the time of the recorded phase of by detector DII is labeled as t1 or t′1; comparing phase shifts in the time window of t0 → t1 and t′0 → t′1 will reveal the
displacement of the cell, and hence its velocity. c) In each step of the protocol in ’b’, the phase of beating signal is measured with respect to the symmetry point of
the pulse profile. The velocity of the moving medium is then calculated by comparing these different measured phases.

probe field frequency and energies. Using frequency modu-
lation spectroscopy [42], one low-power “primary" laser can
be locked to the transition aimed for the probe field; then, a
second high-power "secondary" laser will be offset-locked [43]
to the primary laser, with an offset frequency matching the
hyperfine splitting of the ground state in the D1 transition,
6.8 GHz & 9.2 GHz for Rb and Cs respectively. This way, the
secondary laser can act as the strong control field. The probe
field can be obtained by using an electro-optical modulator
(EOM), with the modulation frequency equal to the splitting
of the ground states. The secondary laser passes through the
EOM and then a high finesse cavity to get a clean side band
with the energy matching to that of the probe field. This way,
the phase coherence between the two optical fields is guar-
antied and any fluctuation in the wavelength of the laser does
not alter the EIT conditions, as both control and probe field are
tied together [32]. On the other hand, the proposed scheme

relies on having a strong coherence between the phase of the
stored and retrieved pulse. As it has been shown [11, 30, 31],
the phase of the retrieved pulse is directly controlled by the
phase of the control field at the moment of retrieving the stored
pulse from the memory. Therefore, the maximum limit of
storage time for extending the sensitivity of the velocimeter is
inversely proportional to the linewidth of the laser used for the
control and probe fields. External cavity diode lasers (ECDL)
usually have a linewidth of ∼ 100 kHz, within ∼ 10ms. Such
a linewidth translates into a time window of ∼ 10 µs. At this
stage, the main limiting factor of the motion sensor is not the
storage time of the memory, rather the linewidth of the laser
used. Nevertheless, different methods have managed to reduce
the linewidth down to sub-kilohertz [44, 45, 46]; which pushes
the limit on the storage time beyond 1 ms, which is more or
less the range achievable with a warm vapor optical memory
based on resonant EIT [35].
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Lastly, similar to the setup in Ref. [17], the vapor cell can be
placed on a motorized moving stage with a motion precision
in nanometer scale, and in order to measure the phase shift
due to the movement of the cell, two high-dynamic range
detectors, before and after the moving medium, can be used
to detect the weak beat note of the probe+reference field. By
comparing the RF signal from the detectors on an oscilloscope,
the phase shift can be measured according to the protocol
described in Section 3

5. Gravimetryusing light storage inultra-coldatomicclouds
Here, we propose to use the same protocol presented in Sec-
tion 3 for measuring local gravitational acceleration. The
principle behind the measurement and the experimental steps
will remain basically the same; however, the vapor cell will
be replaced by a cold atom cloud, similar to atom interferom-
etry gravimeters. The atom cloud would be held fixed at a
position h0 and the calibration step is conducted by measuring
the phase of the beating signal before the signal reaches the
cloud and then after storage and retrieval of the probe field in
the atoms. In the next step, the phase shift of the beat signal
during storage is measured while the atom cloud is released at
the moment of storage. Similar to analysis given in Section 3,
the change in the phase between the two steps in related to
the vertical displacement of the atomic cloud:

∆ΦMeas. – ∆ΦCal. = k∆h =
1
2

kgτ2
s . (6)

It is worthwhile to draw some comparisons between this
proposed scheme and the well-established Mach-Zender type
atom interferometry used for gravimetry [47, 48, 49, 50]; in
which the phase shift due to the fall of the atom cloud amounts
to ∆Φ = kg(T/2)2, with T being the total fall-time. In com-
parison, in our proposal, the storage time τs ≡ T; therefore,
for an equal fall duration, the accumulated phase in our pro-
posed setup is twice as big as the usual atom interferometry
method. Moreover, the physical principle behind this concept
is similar to the usual classical approach to gravimetry, i.e. the
free falling corner-cube gravimeters [51, 52], which relies
on a Michelson type interferometry and tracks the vertical
location of a free falling object, and hence its gravitational
acceleration, by monitoring the changes in the phase of the
fringe pattern. However, due to the negligible mass of the free
falling atom cloud, it can be immune to some systematic errors
faced by the free falling corner-cubes, such as self-attraction
or recoil, which can limit the sensitivities of such gravimeters
to reach the ultimate shot noise limit [53, 54]. Free-falling
Bose-Einstein condensates could be suitable media for this
purpose, as it has been proposed that they can be manipulated
in a way to achieve long-lived optical memories [55].

On the other hand, in atom interferometry all the atoms
contribute to the measurement signal and the quantum shot
noise (QSN) limit scales as the square root of the number
of atoms. Therefore, in order to approach the QSN limit
observed in atom interferometry with stored light interfer-
ometry, one should reach the regime where the number of

stored photons approaches the number of atoms in the cloud.
So far, most of the analysis of EIT and EIT-based QMs relies
on the so-called "weak probe" regime, where ΩP/ΩC ≪ 1
and the number of photons in the probe field is much smaller
than the number atoms interacting with the optical fields, i.e.
nphotons ≪ natoms, [20, 21, 56]. In these conditions, classical
optical pulses can be coherently stored in ultra cold atoms
for seconds [57, 58]. Some works have investigated EIT in
the strong probe field regime, in a ladder scheme [59, 60]
and Λ-scheme in Bose-Einstein condensates [61]; based on
these studies one can claim that EIT can indeed be observed
in this regime, and, in specific conditions, light storage will
be coherent. Nonetheless, a complete analysis of EIT in cold
atom clouds with nphotons ∼ natoms, which could address all the
concerns related to our proposal, is yet to be presented. More
specifically, such an analysis should answer how the efficiency
of the memory would be affected in this regime, or whether
the phase information would be also stored and retrieved co-
herently. The latter is at most importance, since success of
motion sensing using QMs relies on full coherent control over
the phase of the probe field; a feature which has been shown
in the weak field regime.

6. Conclusion
Here, we have presented a scheme for motion sensing by
applying optical memories in both warm vapors and cold atoms.
As the storage time of an optical pulse extensively exceeds the
delay time in EIT, the proposed method can considerably
enhance the sensitivity of recent velocimetry measurements
based on EIT-enhanced light dragging effect. Moreover, the
same principle is used to suggest a new method for measuring
local gravitational acceleration, which would test the limits
on the number of photons that can be coherently stored and
retrieved in a cold atomic cloud. Lastly, for the case of motion
sensing using warm vapor cells, we have presented a detailed
description of a suitable experimental setup to test the scheme.
By realizing the idea put forward, the limits of QMs would
be investigated for applications in quantum sensing and can
open new paths in employing these systems in areas other than
quantum communications.

Funding Statement This research was supported by grants
from the Deutsche Forschungsgemeinschaft (DFG) with project
number 448245255.

Competing Interests None.

Ethics statement This research did not require any ethical
approval as it does not involve any study on animals and/or
humans.

Data availability statement No data has been generated as
part of this study.

https://doi.org/10.1017/qut.2024.7 Published online by Cambridge University Press

https://doi.org/10.1017/qut.2024.7


Accepted Manuscript

6 Arash Ahmadi et al.

Connections references Gündoğan M. and Oi D.K.L. (2023).
What are the ultimate limits of photonic quantum memories?
Research Directions: Quantum Technologies, 1, E8.

References
[1] Khabat Heshami et al. “Quantum memories: emerging applications

and recent advances”. In: Journal of Modern Optics 63 (20 Nov. 2016),
pp. 2005–2028. ISSN: 13623044. DOI: 10.1080/09500340.2016.1148212.

[2] Jinghui Wu et al. “Light storage based on four-wave mixing and
electromagnetically induced transparency in cold atoms”. In: Physical
Review A 87.1 (2013), p. 013845.

[3] Yi Hsin Chen et al. “Coherent optical memory with high storage
efficiency and large fractional delay”. In: Physical Review Letters 110 (8
Feb. 2013). ISSN: 00319007. DOI: 10.1103/PhysRevLett.110.083601.

[4] Erhan Saglamyurek et al. “Quantum storage of entangled telecom-
wavelength photons in an erbium-doped optical fibre”. In: Nature
Photonics 9.2 (2015), pp. 83–87.

[5] Mustafa Gündogan et al. “Solid State Spin-Wave Quantum Memory
for Time-Bin Qubits”. In: Physical Review Letters 114 (23 June 2015).
ISSN: 10797114. DOI: 10.1103/PhysRevLett.114.230501.

[6] Luisa Esguerra et al. “Optimization and readout-noise analysis of a
warm-vapor electromagnetically-induced-transparency memory on
the Cs D1 line”. In: Phys. Rev. A 107 (4 Apr. 2023), p. 042607. DOI:
10.1103/PhysRevA.107.042607. URL: https://link.aps.org/doi/10.1103/
PhysRevA.107.042607.

[7] Stefan Riedl et al. “Bose-Einstein condensate as a quantum memory
for a photonic polarization qubit”. In: Physical Review A 85.2 (2012),
p. 022318.

[8] Erhan Saglamyurek et al. “Storing short single-photon-level optical
pulses in Bose-Einstein condensates for high-performance quantum
memory”. In: New Journal of Physics 23 (4 Apr. 2021). ISSN: 13672630.
DOI: 10.1088/1367-2630/abf1d9.

[9] Jinxian Guo et al. “High-performance Raman quantum memory with
optimal control in room temperature atoms”. In: Nature Communications
10 (1 Dec. 2019). ISSN: 20411723. DOI: 10.1038/s41467-018-08118-5.

[10] M. Hosseini et al. “High efficiency coherent optical memory with
warm rubidium vapour”. In: Nature Communications 2 (1 2011). ISSN:
20411723. DOI: 10.1038/ncomms1175.

[11] Or Katz and Ofer Firstenberg. “Light storage for one second in room-
temperature alkali vapor”. In: Nature Communications 9 (1 Dec. 2018).
ISSN: 20411723. DOI: 10.1038/s41467-018-04458-4.

[12] Y Yeh and HZ Cummins. “Localized fluid flow measurements with
an He–Ne laser spectrometer”. In: Applied Physics Letters 4.10 (1964),
pp. 176–178.

[13] JW Foreman Jr, EW George, and RD Lewis. “Measurement of lo-
calized flow velocities in gases with a laser Doppler flowmeter”. In:
Applied Physics Letters 7.4 (1965), pp. 77–78.

[14] Valeria Gusmeroli and Mario Martinelli. “Distributed laser Doppler
velocimeter”. In: Optics letters 16.17 (1991), pp. 1358–1360.

[15] Robert L McKenzie. “Measurement capabilities of planar Doppler
velocimetry using pulsed lasers”. In: Applied Optics 35.6 (1996), pp. 948–
964.

[16] Pei Chen Kuan et al. “Large Fizeau’s light-dragging effect in a moving
electromagnetically induced transparent medium”. In: Nature Commu-
nications 7 (2016).

[17] Zilong Chen et al. “Quantum-Enhanced Velocimetry with Doppler-
Broadened Atomic Vapor”. In: Physical Review Letters 124 (9 Mar.
2020). ISSN: 10797114. DOI: 10.1103/PhysRevLett.124.093202.

[18] A. Ajoy et al. “Atomic-Scale Nuclear Spin Imaging Using Quantum-
Assisted Sensors in Diamond”. In: Phys. Rev. X 5 (1 Jan. 2015), p. 011001.
DOI: 10.1103/PhysRevX.5.011001. URL: https://link.aps.org/doi/10.
1103/PhysRevX.5.011001.

[19] S Zaiser et al. “Enhancing quantum sensing sensitivity by a quantum
memory”. In: Nature Communications 7 (Aug. 2016). ISSN: 20411723.
DOI: 10.1038/ncomms12279.

[20] Michael Fleischhauer, Atac Imamoglu, and Jonathan P Marangos.
“Electromagnetically induced transparency: Optics in coherent media”.
In: Reviuws of Modern Physics 77 (2005).

[21] M Fleischhauer and M D Lukin. “Dark-State Polaritons in Electro-
magnetically Induced Transparency”. In: Physical review letters 84.22
(2000), p. 5094.

[22] Michael M Kash et al. “Ultraslow Group Velocity and Enhanced Non-
linear Optical Effects in a Coherently Driven Hot Atomic Gas”. In:
Physical Review Letters 82 (1999).

[23] Dmitry Strekalov et al. “Observation of light dragging in a rubidium
vapor cell”. In: Physical Review Letters 93 (2 July 2004). ISSN: 00319007.
DOI: 10.1103/PhysRevLett.93.023601.

[24] Sankar Davuluri and Yuri V. Rostovtsev. “Controllable enhanced drag-
ging of light in ultradispersive media”. In: Physical Review A - Atomic,
Molecular, and Optical Physics 86 (1 July 2012). ISSN: 10502947. DOI:
10.1103/PhysRevA.86.013806.

[25] Akbar Safari et al. “Light-Drag Enhancement by a Highly Dispersive
Rubidium Vapor”. In: Physical Review Letters 116 (1 Jan. 2016). ISSN:
10797114. DOI: 10.1103/PhysRevLett.116.013601.

[26] D. F. Phillips et al. “Storage of light in atomic vapor”. In: Physical
Review Letters 86 (5 Jan. 2001), pp. 783–786. ISSN: 00319007. DOI:
10.1103/PhysRevLett.86.783.

[27] Chien Liu et al. “Observation of coherent optical information storage
in an atomic medium using halted light pulses”. In: Nature 409.6819
(2001), pp. 490–493.

[28] Ran Finkelstein et al. “A practical guide to electromagnetically induced
transparency in atomic vapor”. In: New Journal of Physics 25.3 (Mar.
2023), p. 035001. DOI: 10.1088/1367-2630/acbc40. URL: https://dx.doi.
org/10.1088/1367-2630/acbc40.

[29] A. Mair et al. “Phase coherence and control of stored photonic infor-
mation”. In: Physical Review A 65 (3 2002), pp. 1–4. ISSN: 10502947.
DOI: 10.1103/PhysRevA.65.031802.

[30] Kwang Kyoon Park et al. “Coherent and dynamic beam splitting based
on light storage in cold atoms”. In: Scientific Reports 6 (Sept. 2016). ISSN:
20452322. DOI: 10.1038/srep34279.

[31] Taek Jeong, Jumi Park, and Han Seb Moon. “Determining phase
coherence time of stored light in warm atomic vapor”. In: Scientific
Reports 7 (1 Dec. 2017). ISSN: 20452322. DOI: 10.1038/s41598-017-
15469-4.

[32] Wei Li, Parvez Islam, and Patrick Windpassinger. “Controlled Trans-
port of Stored Light”. In: Phys. Rev. Lett. 125 (15 Oct. 2020), p. 150501.
DOI: 10.1103/PhysRevLett.125.150501. URL: https://link.aps.org/doi/
10.1103/PhysRevLett.125.150501.
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