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In this article we report on the experimental investigation of light storage for several types of diffraction-
free beams (Bessel and Airy beams) and quasi-diffraction-free beams by utilizing electromagnetically
induced transparency (EIT) technique in a hot atomic gas cell. The experimental results show that
the diffraction-free and quasi-diffraction-free beams have better storage performances when compared
with ordinary images possessing similar spatial profiles. Meanwhile, the Bessel beams and the quasi-
diffraction-free images are able to maintain their spatial profiles with a long storage time while the side-
lobes of the Airy beam are gradually depleted with the increment of the storage time. We quantitatively
analyze the storage results and give physical explanations behind these phenomena. Furthermore,
the self-healing of the retrieved diffraction-free beams is verified, signifying that their characteristics

preserve well after storage.
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1 Introduction

Optical storage occupies an important role in quantum
information processing [1, 2] and has been extensively ex-
plored in recent decades [3, 4]. A variety of schemes, such
as electromagnetically induced transparency (EIT) [5, 6],
Autler—Townes splitting (ATS) [7], Raman absorption [§],
and gradient echo memory (GEM) [9], have been pro-
posed to realize light storage with different figure of mer-
its. Among these schemes, EIT storage is the most preva-
lent candidate due to its lenient experimental conditions
and high storage efficiency [10-14]. Much progress has
been achieved for EIT storage, especially in the media
of hot alkali atomic vapor. For instance, Novikova et al.
realized 45% storage efficiency in a hot Rb vapor by us-
ing the pulse-shape optimization method [10]. Katz et
al. prolonged the storage time to one second by mapping
the light field onto spin orientation within a decoherence-
free subspace of spin states [12]. Besides, it is also pos-
sible to store quantum states such as arbitrary polariza-

* This article can also be found at http://journal.hep.com.
cn/fop/EN/10.1007/s11467-021-1113-6.

tion states [15, 16] and orbital angular momentum (OAM)
states [17].

Nowadays, lots of research interests have been focused
on the storage of two-dimensional (2D) wave packets since
they have the potential to increase the spatial multimode
capacity in quantum information [18-21]. Diffraction-free
beams like Airy beams and Bessel beams are representa-
tive 2D wave packets that can preserve their spatial pro-
files during propagation in free space and even in the tur-
bulent or scattering environment [22], which benefits them
to be excellent candidates in optical communication. In
contrast, normal 2D wave packets are more vulnerable
to environmental turbulence. To overcome this, several
schemes were proposed to modulate an arbitrary wave
packet’s angular spectrum into a shape similar to that
of the Bessel beam. This new kind of beam, called quasi-
diffraction-free beam, is also able to propagate a long dis-
tance while maintaining its transverse intensity distribu-
tion [23, 24]. Up to now, those studies mainly focus on the
generation and propagation dynamics of the diffraction-
free and quasi-diffraction-free beams [25, 26], while real-
izing the optical storage of such beams can expand their
applications in optical communication and quantum com-
munication. Hang et al. theoretically proposed that an
Airy temporal profile combined with a spatial Bessel or
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Airy beam can withstand both diffraction and dispersion
in a linear propagation regime [27]. Wang et al. success-
fully stored the Airy wave packet in a solid-state medium
and checked the property of the retrieved Airy wave packet
by monitoring its self-healing ability during the propa-
gation [21]. Recently, Smartsev et al. studied the co-
herent diffusion of group-velocity slowed Bessel-Gaussian
fields with EIT assisted four-wave mixing scheme [28].
When stored in atomic media, the light field is totally
transferred into atomic ground state coherence. In me-
dia such as crystals and cold atomic ensembles, the atoms
are stationary or motionless; while in the hot atomic gas
cell, atoms exhibit dramatically thermal motion. Hence
after a certain storage time, the atoms’ positions redis-
tribute, which disturbs the structure of the stored wave
packet [29, 30]. Whether the family of diffraction-free and
quasi-diffraction-free beams could withstand the atomic
motion-induced diffusion and survive after being stored
in the hot atomic gas cell is an interesting and open ques-
tion worth exploring.

In this article, we experimentally investigate the EIT
storage of diffraction-free beams and quasi-diffraction-free
images in a hot atomic gas cell. The outcomes show
that Bessel beams and quasi-diffraction-free images have
higher storage fidelities than Airy beams. Besides, all of
them show better storage performance than light fields
with similar intensity profiles. In the end, the self-healing
abilities of the retrieved diffraction-free beams are further
verified, manifesting that their properties keep well after
storage.

2 Experimental results and discussion

The schematic experimental setup is illustrated in
Fig. 1(a). A 5cm long 8"Rb atomic gas cell containing
8 torr neon buffer gas is placed inside a three-layer u-
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Fig. 1 (a) Schematic of the experimental setup, (b) energy
level, and (c) time sequence for EIT storage in a hot ®'Rb
atomic gas cell. (SLM, spatial light modulator; PBS, polarizing
beam splitter; L1, L2, 1.3 and L4, lenses with the same focal
length of f = 500 mm; MS, p-metal magnetic shielding; AF,
atomic filter; OB, opaque blockage; ICCD, intensified charge-
coupled device.)
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mental magnetic shielding oven and kept at 60°C. The
horizontally polarized probe beam with 10 pW power and
2 mm diameter is modulated from a Gaussian profile to
the diffraction-free and quasi-diffraction-free beams via a
computer-controlled liquid crystal spatial light modula-
tor (SLM, Hamamatsu, x10468). Then the shaped probe
beam is imaged to the center of the atomic cell by a 4f sys-
tem and further captured by an intensified charge-coupled
device (ICCD, istar 334T) through another 4f system.
The vertically polarized control beam, with 15 mW power
and 4 mm diameter, propagates collinearly with the probe
beam through the first polarizing beam splitter (PBS1).
After passing through the atomic cell, they are separated
by PBS2.

The energy level structure is shown in Fig. 1(b). The
795 nm probe laser is frequency-locked at D1 line with
|5S1/2, F = 1) — |[5Py 9, F/ = 1) transition. The control
laser is phase-locked to the probe laser with the aid of an
offset phase lock servo (OPLS, D2-135) and is on-resonant
to ’581/27F = 2> — ‘5P1/2,F’ = 1> transition. These two
light fields form a typical A-type EIT system to perform
the light storage experiment. At the noise filter stage, we
choose the typical solution of an atomic filter (AF), which
is an 80°C rubidium cell with most of the atoms populated
in ’581/2,F = 2>, to further absorb the residual control
beam leaked from PBS2.

The corresponding time sequence is shown in Fig. 1(c).
The control beam is turned on in advance to prepare most
of the atoms into |5Sl/2,F = 1>, then it is adiabatically
turned off at the time when the 2 us probe pulse en-
ters into the atomic medium. Consequently, the probe
beam is absorbed and transferred into atomic collective
spin excitation. After a certain storage time (AT), the
control beam is switched on again to release the stored
probe beam. The ICCD is activated synchronously with
the reopened control beam by a trigger signal to record
the retrieved beam. In order to obtain images with a high
signal-to-noise ratio (SNR), the gating switch is opened for
500 ns to segregate the scattering noises existed through-
out the whole experiment window.

Firstly we investigate the storage of a 2D Airy wave
packet, which can be expressed as

Yairy (T, y) = Ai (x/x0) exp (az/x0)
- Ai (y/yo) exp (ay/yo) ,

(1)

where Ai(z/x0) and Ai(y/yo) represent the Airy func-
tion, and a is the exponential truncation factor. The
2D Airy probe beam (t)4,.,) before storage is presented
in Fig. 2(al), while Figs. 2(a2)—(ad4) show the retrieved
signals with AT setting at 0.4 ps, 0.8 us, and 1.2 ps, re-
spectively. For comparison, we also store an ordinary im-
age (|Yairyl, the module of 9 4;,) whose profile is similar
to the Airy beam, but with a constant phase front, see
Fig. 2(b1). The corresponding storage results are shown in
Figs. 2(b2)—(b4). The outcomes demonstrate that 1) iy
is able to maintain its spatial profile while |t Airy| becomes
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Fig. 2 Optical storage of Airy beam (¢ 4iry) and its analogue
(|t airy|) in the atomic vapor cell. (al) and (b1l) are patterns
of Y airy and |tairy| before storage (0 ps), while (a2-a4) and
(b2-b4) correspond to the retrieved patterns with the storage
time of 0.4 us, 0.8 us, and 1.2 us, respectively.

too blurred to be recognised under the same storage time.
It should also be noted that the side-lobes of 4, are
gradually depleted with the increment of storage time.

Next we attempt to store Bessel beams, which are able
to be extended to high dimensions and increase informa-
tion capacity in optical communication [31]. The nth or-
der Bessel beam is written as

VY (r) = andy (kyr)exp [i (k22 + no)l, (2)

where » = (r,¢) denotes the polar coordinate, a,, is the
complex coefficient, .J,, is the Bessel function, &, and k,
are the transverse and longitudinal wave numbers respec-
tively. In this experiment, Bessel beams with first-order
(100) and second-order (13) are stored for proof of princi-
ple. For comparision, an ordinary image (|t)2]) that only
retains the intensity distribution of 15 is stored under the
same circumstances. The experimental results are exhib-
ited in Figs. 3(al)—(a4), (b1)—(b4), and (c1)—(c4) for vy,
19, and |¢o| with different storage durations. It can be
observed that the shapes of the retrived Bessel beams keep
well up to 6 us storage time while [¢)5| suffers severe dis-
persion.

For quantitatively comparing the results above, we take
out the horizontal cross section at the main-lob and the
adjacent dark region of ¥, and |t airy| in Fig. 2, and
calculate the fringe visibility of each image. In Fig. 3, the
horizontal cross-section at the center area of each Bessel
image is also extracted for the visibility calculation. The
results are shown in Figs. 4(a) and (b). By comparing the
results in Fig. 2, Fig. 3, and Fig. 4, we can conclude that
Y airy and gz maintain higher visibilities than [ Ay |
and || after storage. Meanwhile, the Bessel beams are
capable of keeping their overall shape unchanged with 6 us
storage time while the Airy beam loses many details only
with 1.2 us storage time.

Theoretically, the evolution of a light field ¢ (r, t) under
atomic diffusion can be deduced by solving the diffusion

22503-3
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Fig. 3 Storing the first order Bessel beam (1)), the second
order Bessel beam (¢2) and its analogue (|i2]). (al—a4), (b1—
b4), and (cl—c4) correspond to storing 1o, 2, and || with
storage time of O us, 2 us, 4 ps, and 6 us, respectively.

equation [32, 33]:

& wfr.1) = DVl 1), )
where D is the diffusion coefficient and ¢ is the diffusion
time. By Fourier transforming to the wave-vector space
U(k) = [ d;—; (r)e ™7 we can obtain the solution of
Eq. (3) as ¥(k, t) = ¥(k, 0)e~PI¥I*t This implies that if a
light field has a broad spatial frequency (|k|?) distribution
in Fourier space, the higher spatial frequency component
will undergo more severe attenuation than the lower. As a
result, its outline is distorted tremendously and eventually
becomes unrecognizable. On the contrary, if a light field
has a narrow spatial frequency distribution, the attenua-
tion of each spatial frequency component will be identical,
thus the influence of atomic diffusion would be slender.
For the Airy beam, the spatial frequency of the main
lob is much smaller than that of the side lobs. Hence the
side lobs deplete much faster with the increment of the
storage time, as can be seen in Figs. 2(al)—(ad). How-
ever, the image contrast between each lob preserves very
well, even with the storage time up to 1.2 us. By compari-

0 T T T T T 0 T T T T
0 02 04 06 08 1 12 0 2 4 6 8 10
Storage time (us) Storage time (us)

Fig. 4 The fringe visibility of each image in Fig. 2 and Fig. 3
as a function of storage time.
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son, the image contrast of |1 4;r,| drops severely at 0.4 ps.
The physics behind this phenomenon is that the adjacent
lobs of 1) 44ry have & phase difference, which introduces de-
structive interference when transferring the ground-state
coherence to the light field [32].

On the other hand, the Fourier transform of a Bessel
beam is the so-called perfect vortex beam [34], which is
a thin ring and possesses a very narrow spatial frequency
distribution [35]. So it will add a unique attenuation term
and the overall spatial structure of the beam keeps invari-
ant after diffusion, as can be seen in Fig. 3 for the cases
of 9o and 9. In contrast, |[¢2| has multiple frequency
components and is more subtle to atomic diffusion.

In a word, when storing a 2D wave packet, e.g., an ar-
bitrary image, in the hot atomic gas cell, its spatial fre-
quency distribution is the most critical factor affecting the
storage results. However, most of the 2D images have
very broad and complicated spatial frequency distribu-
tions, which are susceptible to atomic diffusion and have
poor storage performance. Even though lots of schemes,
such as the phase-shift lithography technique [32], stor-
ing Fraunhofer diffraction pattern of an image [19], and
the correlation-imaging technique [20], are capable of im-
proving the resolutions of the retrieved images, their high-
frequency components are still inevitably dispersed, re-
sulting in the loss of the image information. Seeking a
more efficient method is anticipated. The above results
give us an inspiration that if we can engineer the angular
spectrum of an image to constrain its spatial frequency
over a thin ring, just as the Bessel beam, its storage time

0 us

2 us 4 us 6 us

Fig. 5 Storing several quasi-diffraction-free images (I41, I42,
and I,3) with spatial frequencies distributed over a thin ring
and a normal image (|I41|) with broad spatial frequency dis-

tribution. The insets are their corresponding angular spectra.
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and storage fidelity could be remarkably improved. Re-
cently, several schemes have been proposed to modulate
the spatial frequency of an arbitrary image into a nar-
row ring in order to suppress its diffraction during prop-
agation [23, 24]. But the angular spectrum ring width
produced in this way cannot be infinitesimal as that of
the ideal Bessel beams, so this kind of beam is named
quasi-diffraction-free beam. So far, there is still no re-
port on modulating arbitrary images as quasi-diffraction-
free beams to prompt their storage properties. Here we
also investigate the storage performance of several quasi-
diffraction-free images (marked as Iji, Ig2, and Iy3 in
Fig. 5). These quasi-diffraction-free images are gener-
ated with the method in Ref. [23] and all of their angular
spectra are modulated into thin rings (insets in Fig. 5).
As can be observed from Figs. 5(a2)—(a4), (¢2)—(c4), and
(d2)—(d4) that the profiles of these images maintain well
up to 6 ps storage duration, manifesting that the quasi-
diffraction-free beams are also robust to atomic diffusion.
For comparison, we also store a normal image with broad
spatial frequency distribution (|I;1]), whose profile be-
comes unrecognizable in less than 2 pus. This method
can help to retain the image’s overall spatial structure
to the greatest extent and has ascendancy over the pre-
vious schemes [19, 20, 32]. For more complicated images,
one can adopt the method such as [36] to modulate them
into quasi-diffraction-free beams, but their intensity pro-
files are not exactly the same as the original ones. Be-
sides, it is worth mention that the thin ring distributed
angular spectrum is not a requisite condition to resist
the diffusion influence. For instance, the elegant optical
modes [37], such as elegant Hermite-Gaussian beams and
elegant Laguerre-Gaussian beams can also resist diffusion,
but their angular spectra are not thin rings and they are
not propagation invariant.

(CK))

Reference

»
’»
1 us

Self-healing

0.6 us 3us

1.2 us

Fig. 6 The self-healing results of the retrieved Airy beam
(¥ airy) and the first-order Bessel beam (¢1). (al—a2) corre-
spond to the profiles of ¥ 44, With the storage time of 0.6 ps
and 1.2 ps, while (a3—a4) correspond to 11 with the storage
time of 1 us and 3 us when parts of their bodies are blocked.
(b1-b2) and (b3—b4) correspond to the profiles of recon-
structed ¥ airy and 11 when the ICCD is translated backward
by a distance of 25 cm.
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Self-healing is a striking property of the diffraction-free
beams, which has been extensively investigated in recent
years [22, 38, 39]. Here we further evaluate the charac-
teristics of the retrieved diffraction-free beams by verify-
ing their self-healing abilities. In particular, for the Airy
beam, parts of its side-lobes are depleted after the storage
process. It has not been explored whether the Airy beam
is able to be self-reconstructed under this circumstance.
As shown in Fig. 1(a), an opaque blockage (OB) is placed
at the focal plane of L4 to obstruct the main-lobs of the re-
trieved Airy beams, whose profiles are given in Figs. 6(al)
and (a2) with the storage time of 0.6 us and 1.2 us, re-
spectively. Next the ICCD is translated backward by a
distance of 25 cm and records the evolved probe beams,
as shown in Figs. 6(b1) and (b2). It can be clearly seen
that the main lobs are regenerated after various storage
durations, indicating that the self-healing property of the
Airy beam remains even suffering from atomic diffusion.
We also take the first order (1) Bessel beam to study its
self-healing property. An opaque conical object is placed
at the focal plane of L4 to block partial areas of the re-
trieved Bessel beam on the left side. The profiles of the
blocked Bessel beams are shown in Figs. 6(a3) and (a4)
with the storage time of 1 ps and 3 ps. Figures 6(b3) and
(b4) present their corresponding reformations after prop-
agating a distance of 25 cm. The results show that the
blocked parts are almost reborn in both circumstances,
which further proves that the diffraction-free beams can
maintain their properties well after the storage process.

3 Conclusion

To conclude, we experimentally investigate the optical
storage of diffraction-free beams and quasi-diffraction-
free images based on the on-resonant A-type EIT storage
scheme in a hot atomic gas cell. The experimental re-
sults show that both the Airy and the Bessel beams have
better storage performances when compared to the ordi-
nary images with similar spatial profiles. Meanwhile, the
Bessel beams are able to maintain their spatial profiles
while the side-lobes of the Airy beam are gradually de-
pleted with the increment of the storage time. We further
demonstrate that when an arbitrary 2D image is modu-
lated into a quasi-diffraction-free beam, its storage perfor-
mance could also be improved dramatically. In addition,
the self-healing abilities of the retrieved beams further
indicate that the diffraction-free beams can retain their
characteristics well after storage. Our research results
have guiding significances in high fidelity storage of spa-
tial multi-modes, manipulation of diffraction-free beams,
and high-dimensional quantum communication.
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