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Abstract. The phase distortions arise due to the atmospheric turbulence, the
experimental conditions or a low quality of the imaging system. They can seriously limit
the resolution of the image. Phase distortions can be spatially dependent, which means
that a linear space-invariant transfer function cannot completely correct all phase errors
in the field of view. Computer holography can be used to access a complex-valued
optical field from an object under coherent illumination after detecting interference of
intensity between the object and the reference beams. In this work, we developed
approaches to improve image sharpness to measure phase distortions in computer
holography using the example of defocus measurement. Image enhancement algorithms use
a nonlinear optimization procedure to determine and measure phase distortions to form a
reconstructed image at a high resolution. Our work was focused on numerical modelling,
developing algorithms and conducting laboratory experiment.

1. Introduction
The investigations of laser wavefields are popular nowadays because they can help to solve many
research and application tasks in the field of modern photonics systems.

Firstly, these are the tasks of optical meteorology, in which some physical characteristics of an
object should be determined. These are the such characteristics [1-6] as the surface shape, the
refraction index, optical thickness etc. The characteristics are required for the creation of precise
optical systems and devices [7-9] and can be determined with the help of measured parameters of an
optical wave from the radiation source that has passed through the object or has reflected from its
surface. Secondly, there are tasks that contain the determination of characteristics of the optical
radiation formed with some external sources. These tasks are prior in laser physics where the quality
control tests are necessary after the generation of laser beams [8] and during the construction of
different adaptive systems. Furthermore, while solving certain technical tasks, the wavefield with
required spatial characteristics [2, 10-12] should be formed.

The main problem in the research of the laser wavefields is the registration of their spatial
amplitude-phase distribution because the devices that measure straight phase distortions haven't been
invented yet. For sure, nowadays there are some methods that make it possible to register the profile of
a phase front and to look into wavefield that have been formed by different light sources. The most
developed devices are interferometers [6] and sensors based on the Hartmann [13, 14] and Shack—
Hartmann methods. The most precious results in the study of laser wavefields were obtained with the
help of different interferometers. However, they can determine only the phase difference of two
coherent light beams. One of them is a reference beam, what essentially bound the field of their
application. Other phasometric methods are much inferior in accuracy to the interferometric ones and
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also do not give a satisfactory solution to the task of recording the optical wavefield. As the result, the
task of invention of alternative methods for measurements of phase distortions of light field is
still popular.

It is proposed to use computer holography principles for the measurements of the phase distortions
[15-24]. In this case the main issue in this case will be intermodal cross-talk noise [25]. The computer
synthesis of holograms is based on a mathematical representation of fundamental principles of optical
holography [26]. The synthesis started developing at the same time as computing technics and
such software tools as fast Fourier transformation were improving.

Nowadays a personal computer and a computing tool installed on it make it possible to
calculate computer-generated holograms (CGHs) for a specific task. It is widely thought that the
advantage of the computer synthesis method is that it eliminates the necessity to
photochemically record the holograms. Moreover, the method makes it possible to reconstruct it
numerically in real time; to better the quality of a reconstructed image with the help of many methods
of digital image processing; and to use these dynamically changing CGHSs in optical sensors and
correction systems of optical remedies. The ability to use phase distribution function that is
expressed by Zernike polynomial representation [27, 28] as a virtual object makes it possible to
determine interferential interaction of aberration wavefronts and plane waves of any difficulty.
When working with CGHs that are recorded on a photosensitive material, certain restrictions
appear because of a small dynamic range. To increase the range of distinguishable aberrations, the
introduction of such a dynamically changing transparency, for example, an LCD spatial light
modulator, is required. In this case the wavefront sensor will inevitably be connected to a massive
electronic control unit; but the achieved preciousness worths it. The determination of
aberrations is intended to be carried out according to a widely known principle of "coarse-
accurate” scale, in which a preliminary rapid analysis determines an aberration type and then their
size is analyzed with an accurate adjustment.

2. Principles of calculating the CGH

CGH is an intensity distribution from two waves — a reference r(x,y) and an object o(X,y) waves. The
synthesis and reconstruction of the CGH is shown on the figure 1. In this case, the reference wave is
an aberrated wavefront, the object wave is a field from an indicator point. In this way if a value of an
aberration in an incident wave and the CGH are matched we’ll get a small indicator point. Otherwise
the point will be blurred.

The intensity of the transparence function is determined by a combination of the reference and the
object waves:

I(wv) =10(w,v) + R, M)I* = IR v)I? + [0, v)I? + 0w, vIR* (1, v) + 0" (w, VIR, v) (1),
where O(u,v) — field of the object wave, R(u,v) — field of the reference wave, the sign * means
complex conjugate.

0(u,v) = Ffo(x,»)} = F{lo(x,y + M) exp(igo(x, 1))} 0

Equation (2) shows the field of the object wave which is calculated by Fourier transform of the
complex amplitude of the object wave. Here |o(x,y+A)| is a real amplitude and ¢o(X,y) is a phase of the
wave.

R(u,v) = F{r(x, )} = F{Ir(x, )| exp(igo(x, 1))} 3)

Equation (3) similarly shows the field of the reference wave.

The initial object wave can be reconstructed when the CGH is illuminated by the reference wave.
To reconstruct the image we should multiply the recorded CGH that is interference intensity I(u,v)
and the field of the reference wave R(u, v):

I(w, V)R(,v) = |[R(u, V)I?R(,v) + 10w, V)I*R(u, v) + 0(u, V)IR(, v)I* + R*(u,v) 0* (1, v) (4)

The first term in the right part of the equation (4) is proportional to a value R(u, v) of the reference
wave. The spatially-changing "cloud" around the first order of diffraction describes by second term.
They form a zero order of diffraction or a background component together. The third term, up to a
known multiplier, is an exact copy of the original field O(u,v) and is called virtual image of the
object. The fourth term is another object image which is real image.
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Figure 1. Principles of synthesis and reconstruction of a CGH.

3. Computer modeling

The matlab program for modeling was written. In this program from the formulas indicated above the
amplitude CGHs was calculated. An object wave is the indicator point in the array of zeros. The
reference wave is a plane wave with the Zernike polynomial as a phase multiplier inside. On the figure
2 one can see amplitude CGH for defocus aberration. The CGHs are a diffraction grating on which the
Zernike polynomial is applied. The carrier frequency of the diffraction grating is determined by a
position of the indicator point. The closer the indicator point to the center, the lower the carrier
frequency of the diffraction grating. But due to the negative effect of zero order one cannot place the

indicator point too close to the center. % \§
A\

Figure 2. The amplitude CGH f us with the value 5 (left) and its enlarged part (right).

Further in the program the reconstruction of such CGH is calculated. At first the reconstruction of
the CGH was tested by a reference wave with the same aberration value as in the CGH. On the figure
3 one can see the result of the reconstruction of the amplitude CGH. In the +1 order of the
reconstructed image, one can see the point of diffraction size (figure 3a). This means that the
aberration values in the CGH and in an incident wave coincide. Then the CGH was changed to
determine the minimum detectable value of the phase distortion. In this case the indicator point was
blurred (figure 3b). The minimum detectable value of the phase distortion was A/35. This value is
constant for the entire dynamic range, which was verified by modeling from 0.01A to 10A.

By reconstructing an amplitude CGHes, three diffraction orders can be obtained. Zero order, which
doesn’t contain any useful information and + 1 diffraction orders (figure 3). By reconstructing a phase
CGHs more diffraction orders can be obtained. In case of phase CGHs the new phenomenon was
discovered, which can be applied to an aberration measurement. The indicator point moves to +2 order
(figure 4a), when a phase CGH is illuminated by reference wave with the aberration value two times
larger than in the CGH. The indicator point moves to the +3 order (figure 4b), when the aberration
value in the reference wave is three times larger. Further, the diffraction efficiency falls and it
becomes impossible to recognize the image of the indicator point. One can accelerate the algorithm for
measuring aberrations with the help of this phenomenon.

From the figure 2, one can see that the CGHs are grayscale. We have also concluded modeling with
a binary CGHs. The result is shown on the figure 5. In this case, the minimum detectable value of the
phase distortion remains unchanged, although the diffraction efficiency has increased. Also the zero
order of diffraction as well as all even orders have disappeared. This means that all energy is
distributed in uneven diffraction orders.
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Figure 3. Reconstructed images for 6\ defocused wave and grayscale defocusing aberration CGHs of
6A (a) and 5\ (b) value.

Figure 4. Reconstructed images for 6\ defocused wave and phase grayscale defocusing aberration
CGHs of 3\ (a) and 21 (b) value.

It was not possible to repeat the experiment with moving of the indicator point in the diffraction
orders with binary CGHs. However, the binary CGHs can simplify the physical experiments. It is
necessary to know the phase characteristic of the spatial light modulator when using grayscale GCHs.
While there isn’t such a problem for binary CGHs. Thus, binary CGHs, in addition to enhanced
diffraction efficiency, are preferred for use in further physical experiments.

The CGHs was calculated for four different types of aberrations: defocus, coma, astigmatism and
spherical aberration. And the phenomenon indicated above was obtained for all of them. But further
experiments was implemented for defocus aberration due to simplicity of introducing it in the optical

scheme.

Figure 5. Reconstructed images for 6\ defocused wave and binary defocusing aberration CGHs of 6
(a) and 5X (b) value.

4. Experimental studies

For examination of a proposed method an experimental optical setup was designed. The optical
scheme of this stand is shown in figure 6. The experimental setup consists of a laser, a telescopic
expanding system with a pinhole, a display, a Fourier lens and a screen.

Laser light reflected by two mirrors is falling to the telescopic system. The telescope expands light
wave diameter to the size of the SLM. A pinhole is used to clean wave and form plane wave front with
aberrations less than 0.01A. Next wave falls at the SLM, where CGHs are displayed. In the end the
screen is placed in the focal plane of the Fourier lens. A reconstructed image is located at the screen.

The experimental setup is shown in figure 7. We use a He—Ne laser with wavelength of 633 nm.
The telescopic system consists of a microscope 20” lens, a 20 um pinhole and a lens with focal length
of 250 mm. The SLM PLUTO VIS (420-650 nm) was used to display CGHs. The Fourier lens has
focal length 1 000 mm.
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Figure 6. The optical scheme of the experimental setup.

During experimental studies calculated CGHs was displayed at the SLM and reconstructed images
was captured by a camera. We examine three grayscale CGHs (figure 9) and three binary CGHs
(figure 10). Before experiments an image of plane wave focusing dot and aberrated wave focusing dot
was captured (figure 8). While we was investigating focusing dot a solid white field was displayed at

Figure 8. A focusing dot for a plane wave (a) and for a wave with 5\ defocusing aberration (b)
without a CGH at the SLM.
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In figure 8 one can see, that plane wave without aberrations has a narrow focusing dot with
cross caused by diffraction at the SLM aperture (figure 8a). Diffraction orders caused by diffraction
at the SLM structure is out of the image field. Next we add defocusing aberration in the wave by
moving the microscope lens with the pinhole from the second lens along optical axis. Adding of
defocusing leads to blurring of focusing dot and cross (figure 8b).

The value of the reference wave defocusing is 6A. Further experiments was carried out with this
defocusing reference wave and CGHs displayed at SLM.

Images reconstructed from grayscale CGHs for defocusing of 6A, 3A, 2A by defocusing wave are
shown in figure 9. The reconstructed image for the 6\ defocusing CGH has the indicator point in the
+1 order as it was expected (figure 9a). The indicator point has a shape of narrow dot with smallest
diameter. All other orders have a rectangular shape of greater size.

Reconstructed images for 3A and 2A defocusing grayscale CGHs have indicator points in +2 and +3
order dots accordingly (figure 9b and 9c¢).

Figure 9. Reconstructed images for 6\ defocused wave and grayscale defocusing aberration CGHs of
6 (a), 3\ (b) and 2A (¢) value.

Figure 10. Reconstructed images for 6A defocused wave and binary defocusing aberration CGHs of 6A
(a), 31 (b) and 2A (c) value.

Images reconstructed from binary CGHs for defocusing of 6A, 3\, 2 by defocusing wave are
shown in figure 10. The reconstructed image for the 6A defocusing CGH has the indicator point in the
+1 order (figure 10a). For binary CGHs reconstructed images have greater amount of visible orders
due to lower energy level of the zero order dot.

The reconstructed image for the 3A defocusing binary CGHs has the indicator point in the +2 order
(figure 10b), but this dot has low level as it is an even order. The reconstructed image for the 2A
defocusing binary CGHs must has the indicator point in the +3 order (figure 10c), but the +2 order dot
still has a smaller diameter after a smaller energy level.

The measurement of aberrations is intended to be carried out according to a principle of "coarse-
accurate” scale as was said above. CGHs with a big increment of aberration value recorded on them
are outputted successively on the LCD SLM. After the approximate aberration definition of the
aberration value CGHs with a smaller step is outputted. So, in the first case it is 1A, then 2 etc. After
that the step will decrease to 0.1A, for example 3.1, then 3.2x. And lastly, step will decrease to 0.01A
to increase accuracy. Each of the aberration will be measured one at a time. After determining one of
aberration algorithm will move to the next. Although time of measurement will increase, we can
exclude intermodal cross-talk noise. Intermodal cross-talk noise is an issue of all holographic
wavefront sensors, which can decrease the precision and induce errors. Also using the newfound
phenomenon can decrease the time of measurement.
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5. Conclusion

A new method for plane wave aberration measuring is proposed. The method is based on theoretically
described and calculated phenomenon of indicator point shifting to higher diffraction orders while
wave aberration is controlled with CGH setting up on divider value. This phenomenon is calculated
for grayscale and binary CGHs. Binary CGH show higher diffraction efficiency but even diffraction
order dots in a reconstructed image have lower energy level compared with odd order dots. That
makes automatic measurement more difficult compared to grayscale CGHs. Grayscale CGHs show
calculated behavior and wave aberration measurement could be processed in higher diffraction orders
of a reconsructed image for increasing of aberration value resolution. It can also decrease the time of
measurement.
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