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ABSTRACT

Storing multimode transverse images in atomic media is crucial in constructing large-scale quantum networks. A major obstacle of storing
transverse images in the thermal atomic vapor is the distortion of the retrieved images caused by atomic diffusion. Here, we demonstrate the
combination of genetic algorithm with the phase-shift lithography method to construct the optimal phase for an arbitrary transverse image
that can diminish the effect of diffusion. Theoretical simulations and experimental results manifest that the retrieved images’ resolution can
be substantially improved when carrying the optimal phases. Our scheme is efficient and straightforward and can be extensively applied in
storing complex transverse multimodes in diffusion media.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0053849

Coherent storage andmanipulation of light with different degrees
of freedom (DOF) are essential for building quantum repeater based
large-scale quantum networks.1–4 Notably, storing the transverse mul-
timode DOF is of great value in constructing multiplexed quantum
repeaters with high information processing speed.5,6 The transverse
multimodes generally include spatially structured light fields, e.g.,
Laguerre–Gaussian modes,7 Ince–Gaussian modes,8,9 light fields with
complex polarization distribution,10 and transverse images.11 Until
now, a lot of works on storing transverse multimodes have been
reported in media, such as crystal,3,12 cold atomic ensemble,13–15 and
thermal atomic vapor.11,16,17 Among these media, the thermal atomic
vapor cell exhibits the advantages of having a low cost and sizeable
cross-sectional window, allowing it to possess greater transverse multi-
mode storage capacity.5

Nevertheless, the thermal atomic motion-induced diffusion18

severely decreases the quality of retrieved transverse multimode,18–20

especially the transverse image with a complicated spatial profile. In
order to diminish the impact of atomic diffusion on the retrieved
image, several methods have been proposed, such as the optical phase-
shift lithography technique,21 storing Fourier transform of the image,11

correlation imaging technique,16 storing Bessel–Gauss beams and

Bessel speckles.22 When storing images with a large size and complex
spatial profile, the storage performance under the method in Ref. 11 is
unsatisfactory because the atomic diffusion attenuates the outer parts
of the image. The methods in Refs. 16 and 22 are valid only for specific
light fields and are not universal. The optical phase-shift lithography
technique21 is based on flipping the adjacent regions’ phase of an
image, such that atoms diffusing to the areas between the regions will
interfere destructively. Then, the retrieved image will maintain a
clearer outline. Theoretically, for an arbitrary image to be stored, one
can load it with an elegant phase structure based on the phase-shift
lithography method to resist image blurring caused by atomic diffu-
sion. Since Shuker et al. first utilized this technique to increase the spa-
tial resolution of a stored three-line pattern,21 the storage of general
images with more complex spatial distribution based on this technique
has not been further elaborated. The main reason is that it is difficult
to directly derive the appropriate phase distribution for an image with
complicated spatial profiles.

However, if this problem is to be considered as a mathematical
model that can be solved by intelligent optimization algorithms, the
solution process would be more concise and explicit. Genetic algo-
rithm (GA)23 has the advantages of fast convergence and strong
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robustness to noise, and it provides a general framework for solving
the optimal solution of complex system, e.g., scattering media,24–26

molecular geometry,27 cold atom.28 In this Letter, we demonstrate the-
oretically and experimentally the GA’s application for constructing the
optimal phases of arbitrary images and investigate the performance of
the optimal phase for diminishing the effect of diffusion on the stored
complex transverse images.

Let us begin by describing the mathematical model and the
framework of GA for constructing the optimal phase. During the stor-
age process, the envelope of the probe beam Einðr; t ¼ 0Þ (image to be
stored) is mapped onto the atomic ground-state coherence
q12ðr; t ¼ 0Þ, whose dynamics at storage time t is dominated by19

@tq12ðr; tÞ � Dr2
?q12ðr; tÞ ¼ 0; (1)

where D is the spatial diffusion coefficient and the retrieved beam’s
amplitude jEreðr; tÞj is proportional to jq12ðr; tÞj. Then, we obtain the
retrieved image Ireðr; tÞ derived from Eq. (1) as

Ireðr; tÞ ¼ jEreðr; tÞj2 /
����
ð
Einð~r; t ¼ 0Þe�jr�~r j2=ð4DtÞd2~r

����
2

: (2)

Equation (2) indicates that the stored image undergoes a Gaussian
attenuation related to t and D, and the larger t or D, the more blurring
of the retrieved image.

If an additional phase /ðrÞ is loaded onto the input beam
(Einðr; t ¼ 0Þei/ðrÞ), and substituting it into Eq. (2), the retrieved
image Ireðr; tÞ would be different. Let Iinðr; t ¼ 0Þ ¼ jEinðr; t ¼ 0Þj2,
we are committed to find out the optimal /ðrÞ such that Iinðr; t ¼ 0Þ
and Ireðr; tÞ have the highest similarity. The similarity S between the
two images is characterized by1

S ¼
P
ðIin � IreÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP

ðIin � IinÞ �
P
ðIre � IreÞ

p ; (3)

where � stands for entry-wise multiplication and
P

represents the
summation of all elements.

The GA is adopted to solve the mathematical model described
above, and the specific steps are illustrated by the flow diagram shown
in Fig. 1. The entire process divides into four procedures: initialization,
ranking, breeding, and mutation. Initialization: the initialization step
starts by gridding the whole region of the image to be stored into the
discrete matrix, and then, each matrix element is assigned with a ran-
dom value ranging from 0 to p. Such a matrix forms an initial random
phase pattern /kðrÞ, where k ¼ 1 : N (N initial phase patterns gener-
ated in this manner). Ranking: substituting each /kðrÞ into Eq. (2)
and the corresponding S can be obtained through Eq. (3), which is the
so-called fitness function in GA. Then, these N phase patterns are
ranked by S value from high to low, and two of them are selected as
parent patterns (ma and pa) according to the rule that the higher the
ranking, the higher possibility to be selected. Breeding: a random
binary template T is generated for breeding an offspring, which is
described mathematically as offspring ¼ ma� T þ pa� ð1� TÞ.
Mutation: several random genes of the offspring (elements marked in
red boxes in Fig. 1) are replaced with random numbers from 0 to p.
Thereby, a new offspring is generated. The mutation rate R is defined
as R ¼ ðR0 � RendÞe�n=k þ Rend , where R0 and Rend are the initial and
final mutation rate, n is the generation number, and k is the decay
factor.25 The mutation rate is designed to decrease as the generation

number increases to prevent over mutation. In this way, N=2 new off-
springs are generated to replace the original N=2 lower-ranked phase
patterns. Consequently, a new population is created, consisting of the
original N=2 top-ranked individuals and N=2 mutated offsprings. So
far, one iteration completes. The next iteration starts with re-ranking
the new population and repeats the “breeding” and the “mutation”
steps. After a certain number of iterations, each /kðrÞ will gradually
reach up to optimal and we eventually pick out the best one for the
experiment.

To intuitively evaluate this method’s performance, we first utilize
GA to calculate the optimal phase of a three-line image Ithr [Fig. 2(a)]
as mentioned in Ref. 21. The image (as well as the other images in the
rest of the paper) size is 200� 200 pixels with each pixel size of
12.5� 12.5lm2. To increase the computing speed of the optimal
phase calculation, 20� 20 pixels are binned into a super-pixel; thus,
the matrix dimension of the phase pattern is 10� 10 super-pixels.
Other parameters are N¼ 200, R0 ¼ 0:2, Rend¼ 0.001, k¼ 100. The
temperature and the buffer gas pressure of the vapor cell determine
the value of D. In common cases, e.g., 50 �C cell temperature and
10Torr neon buffer gas, D � 10�3 m2/s, and t is set as a few

FIG. 1. A flow diagram showing the GA’s steps: (1) a population consisting of N
random initial phases is created. (2) These phase patterns are ranked by fitness
(namely similarity). (3) Two parent patterns (ma and pa) are selected for breeding.
The higher the ranking, the higher the possibility to be selected. An offspring is gen-
erated by ma and pa. (4) The generated offspring mutates and replaces the lower-
ranked phase pattern. The process from generation of offspring to mutation to
replacement keeps until all the N=2 lower-ranked phase patterns are replaced. As
a result, a new population is created and then goes back to the second step. Until
the set condition is met, the iteration ends.
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microseconds.21 Thus, we can deduce that their product
Dt � 10�9 � 10�8 m2. Four phase patterns [Figs. 2(d)–2(g)] are calcu-
lated through GA with Dt set as 4� 10�9, 8� 10�9, 20� 10�9, and
24� 10�9 m2. According to the phase-shift lithography technique,21

the optimal phase difference between adjacent lines should be p, as
can be seen in Figs. 2(b) and 2(c) as a reference. All the phase patterns
calculated via the GA approach to the reference phases in Figs. 2(b)
and 2(c) but Figs. 2(d) and 2(g) appear a little bit deviated. To
quantitatively assess the qualities of the calculated phases, we use the
following formula to assess the deviation between the calculated phase

(denoted as Pest) and the reference phases (denoted as Pref
1 and Pref

2 ):

Deviation ¼ minð
P
jPest � Pref

1 � Ithr j;
P
jPest � Pref

2 � Ithr jÞ. The
deviation calculation [see Fig. 2(h)] manifests that when Dt varies
from 6� 10�9 to 2:2� 10�8 m2, the GA exhibits excellent perfor-
mance. When Dt exceeds this range, the algorithm performs a little bit
worse. It indicates that a good GA optimization performance is not
very sensitive to Dt’s setting requirement, at least under the condition
of a simple image to be stored, meaning that the Dt’s selection will
become less demanding. Figure 2(i) displays the trend of similarity as
the increase in generation number. Evidently, the larger the Dt, the
slower the convergence. In general, 500 iterations are enough to obtain
the optimal phase. The GA optimization is implemented using
MATLAB with a 3.6GHz Intel Core i7 processor and 8 GB RAM,
which takes�233 s.

To attest that the GA optimization applies to the storage of arbi-
trary images, we theoretically simulate the storage of four complex
images [Fig. 3(a)], and the simulation results are shown in Fig. 3(b).
Here Dt ¼ 6� 10�9 m2 and other parameters are the same as in
Fig. 2. The first row of Fig. 3(b) is obtained by substituting the original
input images carrying plane phase fronts (/ðrÞ ¼ 0) into Eq. (2). In
contrast, the second row is the retrieved images with the optimal phase
calculated by GA. Regardless of the minor intensity variations caused
by some phase abrupt elements accidentally induced by the GA’s ran-
dom processes (e.g., breeding and mutation), one observe clearly that
the retrieved images in the second case are more discernible in detail,
manifesting that the phase patterns calculated by GA are helpful for
suppressing the image blurring caused by atomic diffusion. The peak
signal-to-noise ratio (PSNR) of each retrieved image with respect to
the corresponding input image is also given in Fig. 3(c), which can be
used for quantitative evaluations of both circumstances. It is obvious
that the PSNR of the GA optimization is improved by 0.7 to 1 dB.

Next, we explore the experimental performance of GA assisted
image storage in the thermal atomic vapor cell. The experimental
setup is exhibited in Fig. 4. A 5 cm long 87Rb atomic gas cell containing
8Torr neon buffer gas is heated to 60 �C and placed in a magnetically
shielded l-metal oven. The vertically polarized control beam and hori-
zontally polarized probe beam combine and co-propagate through
polarizing beam splitter 1 (PBS1). After passing through the vapor cell,
they spatially separate by PBS2. The atomic filter (AF), which is an
80 �C atomic cell with all the atoms populated on j5S1=2; F ¼ 2i, is
used to absorb the residual control beam after PBS2. The control beam
and the probe beam are resonantly coupling to j5S1=2; F ¼ 2i
! j5P1=2; F0 ¼ 1i and j5S1=2; F ¼ 1i ! j5P1=2; F0 ¼ 1i transitions,
forming the K-type electromagnetically induced transparency
(EIT) configuration. The two beams are chopped separately by two

FIG. 2. Optimal phase simulations of a three-line pattern based on GA. (a) The
image to be stored. (b) and (c) Optimal phases for reference. (d)–(g) Optimal
phases calculated by GA under Dt ¼ 4� 10�9, 8� 10�9, 20� 10�9, and
24� 10�9 m2, where D and t denote atomic diffusion coefficient and storage time,
respectively. (h) The deviation between the calculated optimal phase and the refer-
enced optimal phases vs Dt. (i) Storage similarity against the generation number of
GA under different Dt.

FIG. 3. Simulation results of storing four complex images. (a) The images to be
stored. (b) The retrieved images without any modulation (second row, marked as
original) and with GA assisted phase modulation (third row, marked as GA) under
the case of Dt¼ 6� 10�9 m2. (c) PSNR of the retrieved images.
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acousto-optic modulators (not shown in the figure), allowing us to
precisely regulate the time sequence shown in Fig. 4(c). The pulse
width of the probe beam is 2 ls, and the storage time is denoted as
DT . When turning off the control beam adiabatically, the probe pulse
is stored in the atomic ensemble and will not be released until the con-
trol beam is turned on again. The retrieved image is recorded by an
intensified charge-coupled device camera (ICCD, Andor iStar 334T)
synchronized with the re-opened control. The control is a Gaussian
beam with a 6mm waist, while the probe is modulated by a spatial
light modulator (SLM, pixel size 12.5� 12.5lm2) into the desired
image carrying designed phase structure. For a given image, loading
the optimal phase pattern calculated by GA onto it is the core step of
our experiment. The related parameters of GA here are the same as
those in the previous simulations.

The four images, shown in Fig. 5(a), are stored for 5 ls, and the
experimental results are exhibited in Fig. 5(b). All these images are
stored under two cases: one is without phase modulation (the second
row) and the other is phase modulated by GA (the third row). As
expected, the atomic diffusion leads to distortion of the retrieved
image, which is revealed in the mixing of adjacent lines. Take the smil-
ing face as an example, its eyes, nose, and mouth disperse and are
unrecognizable when stored with no phase modulation. When carry-
ing the optimal phases calculated by GA, the retrieved images possess
clearer outlines. Unlike the previous works that can only store periodi-
cally distributed transverse images,11,21 our scheme can store curved
lines with the continuous transition. Take the retrieved image “fi” as a
reference, when carrying the optimal phase, not only there is no cross-
talk between “3” and “�” but also all the corners of 3 are clean-cut.
The PSNR values of the retrieved images under the two cases are listed
in Fig. 5(c), which shows that the GA optimization obtain a PSNR
improvement by 0.8–2 dB. It should mention that due to the low stor-
age efficiency, we only show the retrieved images stored up to 5 ls, but
the GA assisted images are able to maintain their profiles much longer
than this time.

Furthermore, a more complicated image [see Fig. 6(a)] is stored
to quantify the advantage of GA optimization. The retrieved images
under incremental storage time are shown in Figs. 6(b)–6(g), in which
the original retrieved images suffer disastrous distortions while the
retrieved images optimized by GA exhibit a high degree of recognition.

To compare the two results more clearly, we obtain the normalized
intensity distributions along the vertical scanning direction [marked
by the red dashed line in Fig. 6(a)], as shown in Figs. 6(h) and 6(i).
Apparently, the retrieved signals in Fig. 6(i) (corresponding to GA)

FIG. 5. Experimental storage results of the four images mentioned in Fig. 3. (a)
The image to be stored. (b) The retrieved images without any modulation (second
row, marked as original) and carrying the optimal phases calculated by genetic
algorithm (third row, marked as GA) under the case of Dt¼ 6� 10�9 m2. (c)
PSNR of the retrieved images. The storage time fixes as 5 ls.

FIG. 6. Experimental storage of a complicated image. (a) The image to be stored.
(b)–(d) The original retrieved images with different storage time DT . (e)–(g) The
retrieved images modified by genetic algorithm (GA) vs DT . (h) and (i) Intensity dis-
tributions in longitudinal scanning (red dashed line) of (b)–(d) and (e)–(g). The
PSNR is marked with a white number.

FIG. 4. (a) Experiment setup. Red (blue) line: probe (control) optical path, SLM:
spatial light modulator, L1–L4: lenses with a focal length of 500mm, A: aperture,
PBS1 and PBS2: polarizing beam splitters, AF: atomic filter, ICCD: intensified
charge-coupled device. (b) Energy level structure. (c) Time sequence.
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maintain better profiles, while the original retrieved signals in Fig. 6(h)
deviate tremendously from the input image. Moreover, the PSNR val-
ues marked in Figs. 6(b)–6(g) indicate that the GA optimization
achieves�1 dB of PSNR improvement on average. It is worth remind-
ing that the optimal phase is easily accessible through the simple math-
ematical model aforementioned, and there is no need to take the
complexity of the image into account, enabling our scheme to be flexi-
bly and effectively applied in the high-resolution storage of arbitrary
transverse images.

Though the retrieved images’ qualities are improved significantly,
we should point out that the performance of GA optimization could
be further improved by adjusting the relevant parameters aforemen-
tioned. Taking the super-pixel size as an example, in the previous
experiments, we combined 20� 20 pixels into one super-pixel in order
to reduce the computation. This is at the cost of reducing the fineness
of the phase structure. We further shrink a super-pixel to 10� 10 pix-
els and compare the storage performance with Fig. 6. The experimen-
tal result, in this case, is shown in Fig. 7(d) [Fig. 6(b) is listed in
Fig. 7(b) as a reference]. The corresponding optimal phases are also
given in Figs. 7(a) and 7(c). The other parameters for calculating
Fig. 7(c) are the same for calculating Fig. 7(a) except for the iteration
number, which is 1000 due to the increased computation data.
Compared with Fig. 7(b), Fig. 7(d) possesses clearer profiles and has a
higher PSNR, indicating that a smaller super-pixel size is beneficial to
improve the performance of GA optimization. Referring to Figs. 7(a)
and 7(c), we can observe that both of the phase structures basically fol-
lowing the principle of p phase shift between adjacent and spatially
separated regions, but the phase distributions around the corners are
more complex. As shown in the zoom-in phase diagrams marked by
the red boxes, the smaller super-pixel size makes the phase structure
more refined and is conducive to making the phase difference between
adjacent regions closer to p. For instance, the local phase difference
corresponding to Fig. 7(c) reaches 0.95p, which is higher than that
(0.79p) in Fig. 7(a), thereby increasing the local visibility of the
retrieved image. The influence of other parameters, including the

choice of the fitness function, on the GA optimization process, could
also be further explored to obtain better storage results.

In conclusion, we demonstrate the application of GA in improv-
ing the storage qualities of arbitrary images in the thermal atomic
ensemble. We begin by theoretically simulating the storage of a simple
three-line image and discuss the influence of several critical parameters
in GA optimization. Then, we theoretically and experimentally investi-
gate the storage of four representative images with and without the
GA optimization. The results show that the stored images carrying the
optimal phases calculated by GA can resist image blurring caused by
atomic diffusion and maintain clearer profiles. Finally, the excellent
storage results of a more complicated image further prove the high
practicability and superiority of GA assisted image storage. Our
scheme is universal for increasing the storage fidelity of arbitrary
transverse multimode light in the diffusion media and may have broad
applications in quantum communications.

This work was supported by the National Natural Science
Foundation of China (NSFC) (Nos. 11774286, 92050103, 11534008,
12033007, and 61875205).
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