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Numerical investigations of holographic imaging quality*

Jerzy Nowak, Marek Zajac

Institute of Physics, Technical University of Wroclaw, Wybrzeze Wyspiahskiego 27,
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While making use of the previously worked out numerical method of determining
light intensity distribution in the holographic image, the quality of imaging for two
chosen examples of holographic recording and reconstruction geometries were analysed.
Beside the images of one- and two-point objects, the images of extended objects
such as edge, Ronchi ruling and sinusoidal amplitude test were studied, which enabled
a complex evaluation of holographic imaging quality.

1. Introduction

Evaluation of imaging quality is one of the problems appearing in holography.
The easiest method to do it is to determine the IIl and V order aberration
coefficients [1-3]. It is also possible to determine wave aberration [4], or to
obtain by “ray tracing” method a spot-diagram from which aberration spot
could be inferred [5,6]. Since, however, in holography, most often coherent
light is used (and our considerations will be limited to this case only) then the
distribution of the light intensity, essential for the analysis of imaging quality,
cannot be deduced from spot-diagrams. For the above reason a numerical method
for determining the light intensity distribution in the holographic image of
a point-object, i.e., in the aberration spot, was developed and presented in
[7, 8]. Since in the case of coherent light it is not enough to known aberration
spot only, hence it has been proposed to calculate the light intensity distribution
in the image of a two-point object [9]. It allowed us to determine a resolution
limit since this parameter is recognized as one of the popular imaging quality
measures.

Based on the numerically calculated complex point spread function (and
assuming isoplanatism which is usually taken) it is possible to determine the
light intensity distribution in the image of an extended object

1(v3 = \Ji{x)h{x-x39dx® — [* 1t(Xj)h(Xj-xI\2 (1)

* This work was carried on under the Research Project M.R. 1.5, and presented at the
V1 Polish-Czechoslovak Optical Conference, Lubiatbw (Poland), September 25-28, 1984.
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where t — amplitude transmittance of the object,
h — complex point spread function,
Xs — coordinate in the image plane.

For the sake of convenience and shortening the computing time, the problem
is treated here one-dimensionally. This method was applied in the paper [10]
to analysis of imaging given by a holographic lens. In this paper the subject
of the analysis is holographic imaging investigated on the example of two typical
geometries of the hologram recording and image reconstruction. From the
formula (1) the light intensity distribution is determined for the following
extended objects: edge, Ronchi ruling and sinusoidal amplitude grating. For
comparison, light intensity distributions were determined in the aberration
spot and in the image of two-point objects.

2. Numerical results

2.1, In-line hologram

The parameters of hologram recording and image reconstruction are given
in Table 1 (example Ho. 1). Symbols P, R and C denote object wave, reference
wave and reconstruction wave, respectively, z is the distance measured along
the axis perpendicular to the hologram, and x is the distance from this axis.

Table 1. Geometry of hologram recording and image recon-

struction
Example
number R ¢
1 0
* — * = RO = (@)
1= 5 R 0
71 = -100 £R = —200 Zq = —120
2 -6
Xl = 0 R “ 10 XC = 104
5
# = 100 o = Soo Zq = —100

All values in the Table are given in millimeters.

It has been assumed, that the wavelength during recording and reconstruction
does not change and that the hologram is not overscaled (i —m —1). The
diameter of hologram equals 10 mm. The geometry of image reconstruction
was chosen so (zO ™ zR) that the reconstructed image be charged with aberra-
tions. Two cases were analysed: one for the field xx = 0 and the other for the
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field x1 = 5. Figure 1 presents normalized light intensity distribution in both
the aberration spots. The position of the image in this figure, as well as in all
other ones, is referred to the position of the Gauss image. It can be seen that
the image of the point lying outside the axis is asymmetrical due to the field
aberrations.

Figure 2 shows the energy distribution in the aberration spots, which allows

Fig. 1. Light intensity distribution in Fig. 2. Energy distribution in aberration
aberration spot for various values of the spot for various values of the field angle.
field angle. Example No. 1 Example No. 1

Fig. 3. Light intensity distribution in the Fig. 4. Light intensity distribution in the
image of two-point object {x1 — 0 mm). image of two-point object [x1« 5 mm).

Example No. 1 Example No. 1
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us to estimate the size of these spots, defined by the diameter of a circle contain-
ing 80 % of total energy. For xx = 5 mm it is distinctly greater than for x1 = 0.

Figure 3 presents the light intensity distribution in the images of two-point
objects lying on the axis. Ax is the distance between the object points. It allows
us to estimate the resolution limit. It may be assumed that in this case Ax
= 0.007 mm. Analogical plots, but for the objects lying beyond the axis (xx
= 5 mm) are given in Fig. 4. In this case the light intensity distributions are
much more complicated and its is more difficult to determine the resolution
limit. It seems, however, that it is Ax = 0.008 mm.

The parameters describing numerically the aberration spot are presented
in Table 2 (example No. 1). In the respective columns the following quantities
are given: maximum light intensity in the aberration spot (I1mex), distance between
the spot centre of gravity and the position of Gauss image (x —xG), second and
third order moments of the light intensity distribution in the spot (M2and M3,
cf. [8], diameter of the circle containing 80 % of total energy (d08, and, addition-
ally, the value of the resolution limit [Ax). The third order moment of the light
intensity distribution is, as it is known, the measure of the spot’'s symmetry,
thus for xx — 0, M3 = 0.

Table 2. Parameters determining aberration spot

Example

number ,; Ainax 8 o M2 M3 do.8 AXx

1 0 0.97 0 1.7 x10“5 0 0.006 0.007
5 0.61 0.003 3.6 x 10“5 2.2 x 10~7 0.013 0.008

2 -5 0.65 0.005 4.1 x 10-5 1.2 x 10"7 0.016 0.006
0 0.83 0.006 3.0 x 10~5 1.3 x 10“7 0.011 0.010
5 0.94 0.004 2.2 x 10-5 1.3x10-8 0.008 0.004

All values in the Table are given in millimeters

The results gathered in Table 1, as well as the curves presented in Figs. 1-4,
suggest —according to our expectations —that imaging outside the axis is worse
than for xx—0. This conclusion ought to be confronted with those that the analysis
of the images of the extended objects.

The images of an edge are presented in Fig. 5. The influence of aberrations
is distinctly seen here for xx = 5 mm. The images of Ronchi ruling of the chosen
spatial frequencies v equal to 20 Z/mm, 80 j/mm and 120 j/mm, are presented
in Figs. 6-8, respectively. It may be seen that for the image on the axis (xx = 0)
Ronchi ruling of the frequency v = 120 Z/mm is practically not transferred,
whereas for xx = 5 mm the imaging is much better.
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Fig. 5. Image of an edge for various values of the
field area. Example No. 1

Fig. 7. Image of Ronchi ruling of spatial frequency
v = 80 Imm for various values of the field angle.
Example No. 1

Fig. 6. Image of Ronchi ruling of spatial frequency v = 20 /mm
for various values of the field angle. Example No. 1

Fig. 8. Image of Ronchi ruling of
spatial frequency v — 120 ¥Ymm for
various values of the field area.
Example No. 1
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Conclusions, referring to imaging quality, which may be drawn by analysing
the images of Eonchi ruling are thus contrary to those inferred from the analysis
of point-object images. This effect is even better seen in Fig. 9, which presents
the contrast in the image of cosinusoidal object (of contrast equal to 1) vs.
spatial frequency. The cut-off frequency resulting from diffraction limitation
equals 180 Ymm, whereas for aqg= 0 the contrast of the image drops practically
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o ) ) 20
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Fig. 9. Contrast in the image of amplitude
sinusoidal test vs. spatial frequency for
various values of field angle. Example No. 1

to zero at the frequency as low as of about 120 I/mm, and for ag = 5 mm it does
not decrease below 0.8 up to about 170 I/mm.

2.2. Quasi-Fourier hologram

For this case the conditions of the hologram recording and image reconstruction
are presented in Table 1, as the example No. 2. The sources of reference and
reconstructing waves lie in the same plane (zR = z0), but at different distances
from the axis (xR ~ &0),that is why the image is burdened with aberrations.
The investigations were performed for the objects positioned in points ag = 0,
og = 6 mmand ag = —5 mm, since in the case of an off-axis reference beam the,
symmetry with respect to the z axis is lacking.

Analogical diagrams to those given for the previous example are presented
graphically in the Figs. 10-19. From the analysis of aberration spot, presented
in Fig. 10, it follows, that the best imaging occurs for ag = 5 mm. The imaging
of point-objects situated in points ag = 0 or ag = —5 mm are worse. It is
confirmed by Fig. 11, in which the energy distribution in aberration spot is
presented. The diameter of spot containing 80 % ot total energy is the smallest
for ag = 5 mm.
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The following three figures (Figs. 12-14) present light intensity distribution
in the images of two-point objects of different inter-point distances Ax, which
allowed us to determine the resolution limit in the way given is the previous
example.

Parameters characterizing the aberration spot and the resolution limit
are given in Table 2 (example No. 2). From the analysis of the point-object
imaging it results undoubtly that the best imaging occurs for xx —5 mm.

Fig. 10. Light intensity distribution in Fig. 11. Energy distribution in aberration
aberration spot for various values of spot for various values of the field angle
the field area. Example No. 2 Example No. 2

Fig. 12. Light intensity distribution in the Fig. 13. Light intensity distribution in
image of two-point object (xx = —5 mm). the image of two-point object (xx = 0).
Example No. 2 Example No. 2
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Further analysis refer to extended objects. Figure 15 presents the images
of an edge. (The curve for x1 = 5 mm could not be included because of high
values of light intensity in the local maxima, which would make it necessary
to change the scale, the figure being all the same scarcely comprehensible).

The images of the Eonchi ruling for the same spatial frequencies as in the
first case are presented in Figs. 16-18. It can be seen that the test of frequency

Fig. 14. Light intensity distribution Fig. 15. Image of an edge for various values
in the images of two-point objects of the field angle. Example No. 2
(x1 = 5 mm). Example No. 2

Fig. 16. Image of Ronchi ruling of spatial frequency v = 20 i/mm for various values of
the field angle. Example No. 2
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v — 120 Imm is best imaged for x1 = 0, whereas for xt = —5 mm the test
of the frequency v = 160 j/mm is imaged with the contrast nearly equal to 1.

Similarly as in the example 1, the conclusions referring to the quality of
imaging, based on the analysis of extended objects imaging, do not agree with
those resulting from the analysis of one-and two-point objects.

Fig. 17. Image of Ronchi ruling of spatial Fig. 18. Image of Ronchi ruling of
frequency v = 80 1/mm for various values spatial frequency v — 120 1/mm
of the field angle. Example No. 2 for various values of the field angle.

Example No. 2

Fig. 19. Contrast in the image
of amplitude sinusoidal test vs.
spatial frequency for various
values of the field angle.
Example No. 2

3. Final conclusions

Summing up, it should be stated that a full evaluation of holographic imaging
guality cannot be based on analyses of only one- and two-point objects, like
in the case of classical optics. The method proposed allows us to determine the
image characteristics of simple extended objects of which the amplitude sinus-
oidal grating seems to be the most important. It should be noted, however,
that since we deal with the imaging in coherent light, the value of the contrast
in the image of such test has essentially different meaning than this in incoher-
ent light (in particular, it is not possible to determine the Contrast Transfer
Function).
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YucneHHble uvccnefoBaHUA KauvecTBa ronorpadwlquKoro 0TO6pa)KEHI/IF|

Mpwr ncnonb3oBaHMK yxke pa3paboTaHHOro YACIEHHOro MeTofa onpeaesieHNss MUHTEHCUBHOCTY CBETA B FOJ10-
rpatyeckom N306padKeHUN 6bIsI0 UCCNefOBAHO KavyecTBO 0TOGPadKeHUA ANs ABYX M36paHHbIX MPUMepoB
ronorpacMyeckoin perncTpaumm n pekoHCTpyKuun. HesaBMCMMO OT uMcciefoBaHUS U300PadKEHUI OfHO-
W [OBYXMYHKTUPHbLIX MPeAMEeToB Obl10 McC/leoBaHO 0To6padkeHMe Takux MpeAaMeToB KakK: KaHT, TecT
PoHYM 1 cuHycomnaanbHas, aMnanTygHas ceTka. 3To JenaeT BO3MOXXHOW KOMMIEKCHYIO OLIEHKY KayecTBa
ronorpapuyeckoro 0TobparkeHus.



