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Abstract

We report an experimental realization of the delayed images in a hot rubidium atomic vapor. With
a rubidium atomic vapor cell as slow light medium, the image quality of the experiment could be
improved greatly, compared with the results without a slow light medium. By analyzing the results
about the image visibility of the slow light imaging system under three different conditions, the
image visibility becomes better with the increment of the temperature, during the time that the
wavelength of the laser is within dispersion range.
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1. Introduction

Because the amplitude and the phase of images are important in image processing, the information should be
preserved. Nowadays all-optical image processing is the more available method than others, including digital
image processing, three-dimensional image processing. Although the loss still exists, the slow light technology
can make the effort least. The control of velocity of light is a main research field of optical applications, such as
the spectral sensitivity of interferometers using a slow light medium [1]-[3], the storage of the delayed image
[4]1-[7] and so on. All-optical delay of images has been realized using two Lorentzian absorption resonances in a
hot cesium vapor [8]. In addition, using an image resonator [9]-[11] can also carry out the delayed images.

2. Theoretical Analysis and Experimental Results

In this paper, we demonstrate that the image visibility of a slow light imaging system can be gone up. The expe-
rimental setup is seen in Figure 1. The light source is a 780 nm-wavelength tunable semiconductor laser. A bi-
nary mask plate is used as an object of the imaging experiment. An object, two lenses and a CCD camera are
placed as a 4f imaging system. Here, the distances between the object and the first lens and between the second
lens and the CCD camera, both are a focal length, and the distance between the two lenses is twifold focal
lengths. In the 4f imaging system, a 10cm-length rubidium atomic vapor cell is added to the centre of two lenses.
In order to observe the effect temperature had on the images, the rubidium atomic vapor cell is put in a particular
place, temperature controller device.
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Figure 1. The schematic diagram of a slow light imaging system.

Currently, the methods of evaluation of the image quality of the optical system are divided into two aspects:
First, every object can be decomposed into a combination of points. Second, every object can be decomposed
into spectrums under different frequency conditions. In this data processing of the experiment, we use the first
method.

We define the image visibility which is the standard of the image quality as following,

V:IM—Im, 1)
Iy, +1,

where |, is the maximum value of the transmission intensity and 1, is the minimum value. The analyzed
results of the experiment are separated into two aspects: on one hand, whether it has an impact on the image
quality by adding rubidium atomic vapor. On the other hand, how the slow light material affects the perfor-
mance of visibility of images.

Three different masks are used as objects, including circles, letters and squares. The analysis of the image
quality about the rubidium atomic vapor is listed below.

We select three objects, and the image results are seen in Figure 2. In Figure 2, the image visibilities are
11.11%, 53.88%, 96.91%, 0%, 31.11%, 76.47%, 0%, 50.00% and 84.12%, respectively, from (a) to (i). The im-
age intensity is affected by the transmission intensity. In Equation (1), the reduction rate of numerator 1,, -1,
is slower than the change of denominator 1,, + 1. Because of the rubidium absorption near the D2 transition
lines (F =2 — F'=3), the intensity is gone down Thus, the image intensity of a slow light imaging system is
larger than that without a rubidium atomic vapor cell.

As seen in Figure 2, regardless of object, the rubidium vapor can play an important role in improving the im-
age quality. The image visibility of the experiment within a resonant rubidium vapor is better than that off reso-
nant frequency of rubidium vapor.

Since the rubidium absorption resonant region is very narrow, the wavelength of the laser is tuned to achieve
three different demands, for example in the resonant frequency region, near the resonant frequency region and
outside of the resonant frequency region. The analysis of the results is given.

The image visibilities of Figures 3(a)-(f) are 24.8%, 99.98%, 72.30%, 74.67%, 99.98% and 13.50%, respec-
tively. Thus, the relationships between image visibility and temperature are drawn in Figure 3(g), Figure 3(h)
and Figure 3(i). Based on the above discussions and analysis of the work, while the temperature rises, the image
visibility is nicer than before, when the laser frequency is tuned inside of the resonant frequency range of the ru-
bidium atomic vapor, in (g). However, because of the strong absorption of the light intensity, the image visibility
will be reduced at the time of the temperature rising continually. It means that there is a maximum value of the
image visibility when the temperature increases. In (h), since the laser frequency is near the resonant frequency
of the rubidium atomic vapor region, when the temperature goes up, the changes of the image visibility are very
small. In (i), the experimental data is given. Hence, it has no significant effect on the image visibility, when the
wavelength of the laser is near the region of the rubidium resonance. While the laser frequency is away from the
resonant frequency range of the rubidium atomic vapor, with the raising of the temperature, it is necessary that
the image visibility goes down.

With temperature increasing, the population of upper-level F'=3 becomes more, the rubidium absorption
is stronger. The image visibility is defined by Equation (1), and it has a relationship with the transmission inten-
sity via rubidium atomic vapor cell. When the transmission intensity is become smaller, the reduction rate of
numerator |, —1 is slower than the change of denominator I,, + 1. Hence, the image visibility is nicer. In
other words, the temperature of the rubidium atomic vapor cell is higher, the image visibility is larger. The

group index is given by n, = n+a):—n, when the rubidium atoms are in the vicinity of the resonant frequency
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Figure 2. The image results. Select circles as objects in (a), (b), and (c); in (d), (€), and (f), objects are
letters; squares are chosen as objects in (g), (h), and (i) In (a), (d) and (g), the rubidium atomic vapor
cell is removed; in (b), (e) and (h), the wavelength of the laser is tuned outside of the resonant fre-
quency; and in (c), (f) and (i), the wavelength of the laser is contained within the dispersive region.

range located between the normal dispersion and abnormal dispersion, the slope of the refractive index is ze-

ro (S—n =0), the group index equals to the refractive index (i.e. n, =n). Above all, it is an assumption that the
(0]

group index of rubidium vapor is similar to the refractive index of air. The cell’s temperature has few effects on
improving the image visibility because the slow light imaging system can be considered as a 4f imaging system
of the geometry optics. When the laser frequency is away from the resonant frequency region, the results of the
image visibility gained are different from that of the resonant range. The reasons are the change of the refractive
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Figure 3. The results of the slow light imaging system and the analysis of images. (a), (b) and (@) is under the condition of
the resonant frequency of the rubidium atomic vapor. In (c), (d) and (h), the wavelength of the laser is the near-resonant fre-
quency of the rubidium atomic vapor. When the rubidium atomic vapor is outside of the absorption dispersion region, we
obtain the image results, including (e), (f) and (i). (a) and (b) are the imaging results when temperatures are 20°C and 60°C,
respectively. (c) and (d) are the imaging results when temperatures are 20°C and 42°C, respectively. (e) and (f) are the imag-
ing results when temperatures are 20°C and 52°C, respectively. In (g), (h) and (i), give the relationships between the temper-
ature and the image visibility. The black points indicate experimentally measured points, and the red solid line is a poly-

nomial fit through all the experimental points.
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index of the normal dispersive is different from that of the abnormal dispersion, and the abnormal dispersive
range is the same as the resonant frequency range.

3. Conclusion

In conclusion, it is shown that a delayed image can be obtained in a slow light imaging system. Based on three
cases above, there are several regulations: the image visibility becomes worse with the raising of the temperature,
when the laser frequency is away from the resonant frequency range of rubidium. It has few effects on the image
visibility by changing the temperature, while the wavelength of the laser is near the rubidium resonant region. Fi-
nally there is a maximum value of image visibility, during the time that the laser frequency is equal to the reso-
nant frequency range of rubidium. The hot atomic vapor making images delayed can be useful in image process-
ing, including image buffer, nonlinear imaging and image sensors.
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