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The realization of quantum storage of spatial light field is of great significance to the construction of high-dimensional
quantum repeater. In this paper, we experimentally realize the storage and retrieval of circular Airy beams (CABs) by us-
ing the A-type three-level energy system based on the electromagnetically induced transparency in a hot rubidium atomic
vapor cell. The weak probe beam field is modulated with phase distribution of CABs by a spatial light modulator. We
store the probe circular Airy beam (CAB) into the rubidium atomic vapor cell and retrieve it after the demanded delay. We
quantitatively analyze the storage results and give corresponding theoretical explanations. Moreover, we investigate the aut-
ofocusing and self-healing effect of the retrieved CAB, which indicates that the properties and beam shape of CAB maintain
well after storage. Our work will have potential applications in the storage of high-dimensional quantum information, and

is also useful for improving the channel capacities of quantum internet.

Keywords: circular Airy beam, optical storage, autofocusing effect, self-healing effect

PACS: 42.60.Jf, 42.25.Bs, 32.80.Qk, 42.50.Gy

1. Introduction

Circular Airy beams (CABs) have attained much at-
tention because of their abruptly autofocusing property, =]
which were first proposed in 2010 and investigated by
experiment in 2011.1%3] Due to the self-bending property
of Airy beam,*3! the circular Airy beam (CAB) will sud-
denly autofocus in the focal region. The energy flows from
the main ring to the center of CAB. Therefore, the auto-
focusing property of CAB has been widely used in optical

10—

tweezers, [0-91 light bullet,[1%-12] atom manipulation[13*14] and

quantum information. [!3-17]

Studies on the self-bending behavior of the Airy beam
show that its parabolic trajectory is controllable!!8-201 by
changing the initial incidence angle of Airy beams!!®! or the
refractive index gradient of the medium.?”) Moreover, the ma-
nipulation of the Airy beams’ deflection position by changing
the Rabi frequencies of the control beam in the atomic va-

por with the electromagnetically induced transparency (EIT)

scheme has been theoretically proposed by Zhuang et al.*!}

Later, manipulating the Airy beams between atom-light in-

-26

terface has attracted much attention.!>!~2%! In the atomic sys-

tem, the manipulation of the self-accelerating beams’ prop-

agation properties can be realized in the EIT scheme, (21-23]

23,25

which can be extended to two-dimensional?*2! and three-
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dimensional 6]

self-accelerating beams. The EIT protocol
also presents the possibility to store the Airy beam to the
atomic medium, which has potential applications in the stor-
age of high-dimensional quantum information.

Principally, the storage of CAB can be realized by
different quantum memory protocols, such as, the Duan—
Lukin—Cirac—Zoller protocol,?’! EIT protocol,?8-3!1 photo-
echo protocol,®>331 and Raman protocol.[3*35] Among these
protocols, EIT has been selected as the most popular candi-

[22,36-38

date to store spatial mode information. I The storage

of Airy wave packets has been theoretically investigated in the

22,361 Then, the storage of

EIT-driven atomic gas by Hang ez al.!
2D Airy wave packet experimentally demonstrated in a doped
solid EIT-driven by Wang et al.’”! and in atomic vapor by
Wang et al.!38! However, the storage of CAB has not yet been
investigated experimentally, which is essentially important be-
cause of the abruptly autofocusing property in atomic medium
that could be employed to present the waveguided multiplexed
quantum memory.

In this paper, we experimentally investigate the stor-
age of CAB in a hot atomic vapor with EIT scheme. The
experimental results show that the autofocusing and self-
healing effect of the retrieved CAB can be well preserved.

Our results will be useful for high-dimensional spatial multi-
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modes storage and high-dimensional quantum information
[15,16,39-44]

communication.

2. Theoretical analysis

The electric field of CAB at the initial plane is expressed
ag[1:44.451

= TR
b -
ro—\/x2+y?

a'i
b-w ’

u(x,y,z=0) = Ai

X exp (1)
where (x, y) is the Cartesian coordinate system, Ai is the Airy
function, and its expression is

1

o 1
/ cos <t3 +xt> dr.
T Jo 3

Ai(x) = —

The ¢ means the variable of integration.*®! r, @ and b are
respectively the radius of the main ring, the radial width, and
the distribution factor of CAB in the initial plane. a is a decay
factor.

As shown in Fig. 2, the CAB consists of several rings
at the initial image plane. The CAB possesses abruptly aut-
ofocusing property because of the characteristics of the Airy
function. The radius of the main ring of CAB also follows a
parabolic trajectory before reaching its focus.>!8! The focal

position z¢ is defined as!47!

where A is the wavelength, which is 795 nm in this paper.
Herein, the light power is 630 uW, the other parameters are
ro=0.5mm, a =0.1, 5 =0.022, ® = 2 mm. Then we can
calculate this CAB will autofocus at zy = 695 mm.

3. Experimental configuration

The schematic experimental setup is depicted in Fig. 1.
In Fig. 1(a), the two laser beams respectively from the laser 1
(EFL-SSHG-795-DFB) and laser 2 (EFL-SSHG-795-FECL)
are defined as the probe and control beams. After the two
beams of the laser 1 and laser 2 pass through the single-mode
fiber to improve the spatial mode, they are frequency shifted
by the acousto-optic modulator (AOM), as shown in Fig. 1(c).
It is well known that Airy wave packets can be generated via
the Fourier transformation of a Gaussian beam modulated with
a cubic phase.*8] Thus, Airy beam becomes a CAB in po-
lar coordinates. In our experiments, a spatial light modulator
(SLM, HDSLMSOR Plus) is utilized to generate a CAB, which
is defined as the probe beam with a power of 630 uW and a
diameter of 2 mm. A beam splitter (BS) is used to separate the
probe beam into two beams, and one of them is defined as the
reference beam. Meanwhile, a telescope consisting of f3 and
fa is used to expand the control beam size and the achieved
high-quality Gaussian beam is about 4 mm in diameter. A
70 mm long 3Rb atomic gas cell is placed in a three-layer p-
metal magnetic shield and is set to 55 °C with a temperature
controller. Finally, the probe and control beams are injected

w
zx=4n e VT, () into the hot rubidium cell in the same direction.
@ r ; ; (© PBS2 -
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Fig. 1. (a) The saturated absorption spectroscopy (SAS) system. (b) The optical elements in the experiment. (c) The experimental setup of the storage of
CAB. (d) The detailed three-level coupled system for EIT storage in a hot $Rb atomic gas cell. (QWP, quarter-wave plate; HWP, half-wave plate; BS,
beam splitter; PBS, polarizing beam splitter; AOM, acousto-optic modulator; SLM, spatial light modulator; fi, f3 and f4, lenses with the focal length
of f =100 mm, 50 mm and 300 mm; f>, f5 and f;, lenses with the same focal length of f =75 mm; f; and f3, lenses with the same focal length of
f =500 mm; fy and fjo, lenses with the same focal length of f =200 mm; PD, photodiode detector; ICCD, intensified charge coupled device.)
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The energy level structure is as shown in Fig. 1(d). The
795 nm probe laser is frequency-locked to the 85Rb D1 line
with the crossover transition 52S; /5, F =2 — 5?P| 5, F' =2,
3, which is depicted as the co(2,3) in Fig. 1(d). The control
laser is phase-locked to the probe laser and is resonant with the
crossover transition 5251/2,F =3 — 52P1/2,F’ =2, 3. The
experimental parameters of the two beams can be controlled
independently. These two beams form a typical A-type EIT
system to perform the experiment.

In the experiment, the beams from laser 1 and laser 2
pass through the double-pass AOM, and then the frequencies
of both probe and control beams are shifted by 180.8 MHz.
Thus, the probe and control beams are resonant with the
57812, F =2 — 5%Py ,F' =3 transition and the 5%S; ,F =
3 = 5°P, /2, F " = 3 transition, respectively. The probe beam
with the horizontally polarized is imaged to the center of the
cell by a 4f system with f7 and fg, as depicted in Fig. 1(c). A
circular aperture is positioned at the focal plane of the 4 f sys-
tem to act as a filter, selecting the zero-order diffracted spot
of CAB appearing in the Fourier plane. After the SLM, the
reflected beam passes through the Fourier transform lens f3
to observe the CAB profile at the focal point of the f3. The
reference beam is directly coupled on the photodiode detec-
tor (PD, Thorlabs PDA8A?2). The size of vertically polarized
control beam, with a power of 60 mW, completely covers the
probe CAB. And it propagates collinearly with the probe beam
through the polarizing beam splitter (PBS4) and is reflected
through PBS5. By adjusting HWPS5 and PBSS5, the probe beam
passing through the hot gas cell can be detected by ICCD or
PD. In one case, the probe beam after the cell is sent to another
4f system with fo and fio and then is detected by an intensi-
fied charge-coupled device (ICCD, iStar 334T) to record the
spatial intensity profile of CAB. In the other case, the probe
beam is sent to a PD to record the pulse profile in the time
domain.

4. Experimental results and discussion

4.1. The propagation characteristics of CAB before stor-

age

The results of spatial intensity distribution of CAB as
shown in Fig. 2. The CAB can be visualized as the result of
a one-dimensional Airy beam at a radial position being ro-
tated around the center of the circle. Therefore, CABs could
abruptly autofocus at the focal region. The autofocusing abil-
ity of CAB is verified in free space. The ICCD is initially
placed at the focal plane of fi¢, and z; represents the distance
between the focal plane of fio and the ICCD. It can be seen
from Fig. 2(a) that the intensity distribution of CAB beam
forms a hollow ring in the initial plane. To obtain Fig. 2(c),
we calculated the normalized intensity distribution of the red
dotted section located at z; = 0 mm in Fig. 2(a). The light in-

tensity at the center of CAB is zero and the intensity of the first
main ring of the CAB takes up most of the light intensity. And
the intensity profiles are shown in Fig. 2(c). As the CAB is
transmitted, the size of the main ring gradually decreases. As
the energy flows to the main ring, the transmission distance
z1 increases. In Fig. 2(c), when z; = 450 mm, the tallest and
relatively narrow peak appears at the center of x-axis. And
then, the peak at the center of x-axis becomes narrower when
71 increases from 450 mm to 700 mm. As shown in Fig. 2(e),
the full width at half maximum (FWHM) of the autofocus-
ing process of CAB in free space decreases from 1.07 mm to
0.36 mm, indicating that the CAB has almost become a solid
spot.

By placing an opaque rectangular obstacle at the focal
plane of fjg to block most of the main ring of CAB, we demon-
strate the self-healing property of CAB by moving the ICCD.
Figure 2(b) shows the experimental results of the self-healing
process of CAB for different z, values, where z is the dis-
tance between the obstacle and ICCD. Because the obstacle is
placed at zo = 0 mm, the initial z; is set to 25 mm from the im-
age plane. Figure 2(d) is obtained by using the same method
as Fig. 2(c). At zop = 150 mm, the main ring of the spot has
started to recover. As shown in Fig. 2(d), the beam energy at
the initial position is blocked by the obstacle, causing the en-
ergy of the side rings to flow from the surrounding area to the
blocking area. When z; = 250 mm, a relatively high peak ap-
pears in the center of x-axis and a new spot begins to appear
at the main ring position. As depicted in Fig. 2(f), with the
increase in zp, the number of peaks at the center of x-axis in-
creases. Moreover, the FWHM of the self-healing process of
CAB in free space decreases from 1.58 mm to 0.29 mm, which
indicates the main ring has almost become a solid spot. When
72 = 625 mm, the beam has basically reconstructed.

4.2. The propagation characteristics of CAB after the EI'T-
based light storage

The corresponding time sequence of the storage of CAB
is shown in Fig. 3(a), Before the storage, the control beam is
switched on in advance to prepare most of the atoms to the
state 555, F = 2. The spatial intensity profile of the input
probe beam is coded with CAB. We set the duration of the in-
put probe beam as 1 pus. When the probe pulse completely en-
ters the Rb vapor cell, the control beam is immediately turned
off. The photon states carrying by the probe beam are trans-
ferred into atomic collective spin excitation and stored in the
cell. After a programmable time delay of AT, the control beam
is switched on again to retrieve the probe pulse. In the mean-
time, the ICCD is activated by a trigger pulse to record the
spatial intensity profile of the probe. In the experiment, we set
the ICCD pulse duration with 6 ps to make sure that only the
retrieved CAB signals can be collected.

084202-3
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Fig. 2. (a) The autofocusing process of CAB in free space with different propagation distance z;. (b) The self-healing process of CAB in free
space with different propagation distance z; when most of the main ring is blocked. The normalized intensity distribution of (c) the autofocusing
property and (d) the self-healing property of CAB. The normalized intensity distribution is calculated at the red dashed line of different images.
The full width at half maximum (FWHM) of (e) the autofocusing process and (f) the self-healing process of CAB in free space under different
propagation distances corresponding to (c) and (d), respectively.

(a) Control beam AT Figure 3(b) shows the normalized signal intensities before

’—‘ storage and after storage with different storage time . When

Mtrieved signal t increases from 0.2 ps to 1 ps, the intensity of the retrieved
CAB decreases, leading to a corresponding decrease of the

Probe beam

Memory

ICCD trigger

storage efficiency from 0.34 to 0.13, as shown in Fig. 3(c).

LOF @y p ~t=02ps 0.4 © To verify the property of the retrieved CAB, we investi-
' b= 5 . . .
0.8} /Y[ +§ = 8jé t: £ 0.3 gate the autofocusing and self-healing process of the retrieved
/] ~t=08us | g . . .
0.6} / ~[ t=1 p,sps £ probe beam by changing ¢ and the distance of the ICCD during
[ © 0.2 . . .
0.4] / wr' S \i the propagation. Figure 4 shows the experimental results of the
| g . .
0.2} i 2 0.1 autofocusing process of the retrieved CAB after the EIT-based
H n . . . .
Py - \ ol ) ) ) ) storage with the different ¢ and z;, where z; is the distance
~1.7 -08 0 0.8 1.7 02 04 06 08 1.0 .
Time (us) Time (us) between the plane of image and ICCD.

Fig. 3. (a) The time sequence of the storage of CAB. (b) The normal- Figure 4(a) shows the intensity distribution of the spatial

ized intensities of CABs before storage and retrieved CABs after stor- . : _
age with different storage time . (c) The storage efficiency of the light intensity p rofile of CAB recorded by ICCD. As the propaga

storage with different storage time ¢. tion distance increases, the CAB’s power flows from the side
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rings to the main ring, and turns to a circular bright spot. By
comparing with the cases of different storage time 7, we can
investigate that the autofocusing property of CAB after stor-
age remains even suffering from atomic diffusion. As shown
in Fig. 4(b), when ¢ increases, the approximate profiles of the
retrieved CABs remain. By fitting the data of the light field
patterns at z; = 700 mm for different ¢ values, the intensity
distribution curves of Fig. 4(b) can be obtained. The data in
black, magenta, green, blue, and red correspond to ¢ reaching
0.2 ps, 0.4 ps, 0.6 us, 0.8 ps, and 1 ps, respectively. As de-
picted in Fig. 4(b), the atomic diffusion with increasing storage
time has a great influence on the spatial distribution of CAB,
which can be seen from the FWHM. We used the similarity S
to quantitatively characterize the differences of the beam pro-
files. The real intensity distribution (not normalized) of the
probe beam is used to calculate the value S, as presented in

Tables 1 and 2. The expression of the similarity § is[49-%

=g L)L) (£15). o

where A and B are the grey-scale matrices of the two images
before and after storage. The m and n correspond to the coor-
dinates, respectively. Herein, we calculate both the similarity
Stotal Of total CAB and the Spai, of its main ring. We select a
square area of figures to calculate Sy, and the area’s length
and width are exactly tangent to the main ring. Furthermore,
in our subsequent research, we will code the main ring with
orbital angular momentum modes, which is useful for high-
dimensional quantum information. Therefore, we focus on the
evolution of the main ring of CAB. The similarities at differ-
ent storage times ranging from 0.2 ps to 1 s are illustrated in
Table 1. As indicated by the S, values in Table 1 and the
intensity profiles of CAB in Fig. 4(b), at the same position zj,
CAB’s shape remains unchanged during the process.

As shown in Fig. 4(a), with increasing distance z; for the
same storage time ¢, the width of the main ring becomes nar-
rower and the side lobe energy becomes lower, which indicates
that most of the side lobe energy flows to the main lobe. The

CAB becomes a solid spot and focuses at z; = 700 mm.

Table 1. The S against storage time ¢ at the same detection distance
z1 = 700 mm.

t (ps) Stotal Smmain
0.2 0.86 0.95
0.4 0.81 0.93
0.6 0.78 0.92
0.8 0.76 0.90

1 0.76 0.87

(a) t=0.2 t=04 t=0.6 t=0.8 t=1

~Oooon

--« [

ol -l

b) 1.0y

(b —t=0.2 us
—t=0.4 pus

t=0.6 us

0.8 —t=0.8 ps
—t=1yus

0.6

0.47¢

0.2¢

Normalized intensity (arb. units)

0.4 0.8 1.2

z (mm)
Fig. 4. (a) The autofocusing property of the retrieved CABs for dif-
ferent propagation distances z; and different storage time ¢. (b) The
normalized intensity distribution of CAB with different storage time ¢
at the same detection distance z; = 700 mm.

We further investigate the self-healing effect of retrieved
CAB. Figure 5 shows the experimental results of the self-
healing process of the retrieved CAB for different zp. As
shown in Fig. 5, the energy of the secondary and other lobes
flow to the main ring as the z; increases.

In the experiment, we use the same obstacle mentioned in
4.1 to block the main lobe, and observe the self-healing effect.
It is clear to see that the main ring in the blocked area begins
to be reborn at 7o = 150 mm. Moreover, with the same storage
time ¢ at the different z, in Fig. 5(a), the blocked area’s light
intensity increases, which means that the self-healing property
of CAB can be maintained well after storage. Furthermore,
when 7 = 375 mm, the main ring of CAB gradually becomes
a bright spot at the center, which also depicts the autofocusing
characteristic of CAB after storage.

By fitting the data of the light field patterns at z, =
625 mm for different ¢ values, the intensity distribution curves
of Fig. 5(b) can be obtained. The data in black, magenta,
green, blue, and red correspond to ¢ reaching 0.2 us, 0.4 us,
0.6 us, 0.8 us, and 1 s, respectively. When ¢ increases, the

084202-5



Chin. Phys. B 33, 084202 (2024)

diffusion of atoms greatly affects the spatial distribution of
CAB, leading to different FWHM values in Fig. 5(b). The sim-
ilarities under different storage times are depicted in Table 2.
According to the S, values presented in Table 2 and the
intensity profiles of CAB displayed in Fig. 5(b), at the same
position z, CAB’s shape remains unchanged during the prop-

agation.
(a) (=02 t=04 =06 (=08 t=1
Z2:50 - - -
2o =375 ' s
d Eed B B B
ZFG%! u Syl Sy
(b) 1.0
0

o
o

0.6

0.4r1

0.29
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Fig. 5. (a) The self-healing property of the retrieved CABs with dif-
ferent storage time ¢ and different propagation distances zp. (b) The
normalized intensity distribution of CAB with different storage time ¢
at the same detection distance z; = 625 mm.

Table 2. The S against storage time ¢ at the same detection distance
7o = 625 mm.

1 (HS) Stmal Smain
0.2 0.87 0.92
0.4 0.83 0.90
0.6 0.81 0.89
0.8 0.82 0.90

1 0.83 0.90

The above results illustrate that the properties of the re-
trieved CABs remain preserved as storage time ¢ increases,
and the blocked parts are almost reborn after storage. The re-
sults further prove that the CAB can maintain its autofocusing
and self-healing properties well after the storage process even
suffering from atomic diffusion.

5. Conclusion and perspectives

In conclusion, we have investigated the propagation prop-
erties and the optical storage of CAB with the A-type EIT-
based storage scheme in a hot atomic vapor. The probe beam
is coded with CAB’s wave packets in the transverse profile by
using the SLM. The experimental results show that the auto-
focusing and self-healing effect of the retrieved CABs could
be preserved well after storage. Furthermore, our research
can be useful for high-dimensional spatial multi-modes stor-
age. In addition, it also will play an important role in high-
dimensional quantum communication to improve the channel
capacities of quantum internet.
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