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Numerical investigation of the two-point resolution 
in the holographic imaging*

J erzy Nowak, Marek Zając

Institute o f  Physics, Technical U niversity o f  W roclaw , W ybrzeże W yspiańskiego 27, 
50-370 W roclaw , Poland.

In this paper a num erical algorithm  enabling the calculation o f the light intensity 
d istribution in the holographic im age o f a tw o-point ob jects is presented. A fter testing 
its accuracy it  was used to  evaluate the im ages o f  tw o-poin t objects obtained in  h o lo 
graphic im aging w ith aberrations. Based on the results obtained the influence o f  aber
rations on the tw o-poin t resolution was analysed, depending on the fie ld  angle and 
aperture o f  hologram .

1 . Principle o f  method

Typical investigation of the imaging quality for classical optical system or 
for a hologram consists usually in the analysis of the image of a point object. 
Imaging quality can be described also by stating the wave aberration, calculating 
the aberration coefficients or by analysing the light energy distribution in an 
aberration spot [1-3]. In the latter case there is a difference between the possibil
ities of the image quality evaluation for the coherent and incoherent illumina
tion. For the incoherent case the light energy distribution can be calculated 
by a spot diagram method. For the coherent-case, however, a geometric method 
of the aberration spot estimation is Inadequate. It can give only very general 
outlook of the approximate shape of the spot, but it does not provide any in
formation about the light energy distribution inside it.

In the papers [4, 5] the authors have proposed a numerical method for 
calculation of this distribution in the case of holographic imaging. It is well 
known, however, that in coherent illumination (and this is a typical case in 
holography) the conclusions drawn from the analysis of the image of a point 
cannot be directly extended for the case of a many-point object. Therefore 
individual calculations are necessary for this case.

The present paper is devoted to the investigations of the two-point object 
imaging which enables us to estimate the two-point resolution limit and to 
determine the influence of aberrations on its value in holographic imaging.

* This paper has been prepared under the Research P ro ject M. R . 1.5, and was presented 
in  the European O ptical Conference (EOC'83) held in R ydzyna, May 30-June 4, 1983.
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Schematic diagram of the hologram recording and image reconstruction 
geometries is presented in Fig. 1. In the hologram plane three waves interfere:

Ui =  A * *  i,
u , = . V %  (i)

Ur =

where: — A*,H^ P̂r "  Ii^̂ ri ~~ (I î, ^ 2j denote the
distances from one of the object wave sources or the reference wave source 
to the chosen point on a hologram, respectively, is a wavelength of light 
used when recording a hologram).

Fig. 1. Scheme o f  the holographic 
recording (a) and reconstruction 
(b) geom etries

If we assume, as it is usually done, that

A 1 =  A 2 =  Ar — 1, (2)

then the light intensity distribution in the hologram plane would be given 
by the formula

T  = 3 + 2  + e<ki<R*-Ri)] +  2 [eiki{Ri~BR> +  elHRR-R\) +  eiki(Ri~RR)

+  e<fci(*«_B2)]. (3)
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The first term describes a constant background, so it does not contribute any 
useful information, hence it can be neglected.

In this case, and under the assumption of linear recording, an amplitude 
transmittance of a hologram can be expressed by

t =  -f- eikl<.RR-Rl) -j- eikl(R2~RR> eikllBR-R2>. (4)

Now, let a reconstructing wave originating from a point source placed in the 
point C fall on a hologram (Fig. lb)

Uc =  Ace»c (5)

where: q>c =  Tĉ Rq, Jc2 =  2jzI12, Ac =  1, (R0 denotes a distance from the point 
C to the chosen point on a hologram, X2 is a wavelength of light used for image 
reconstruction).

On its way from the hologram to image the wave phase changes additionally 
by <p3 — lc2Ra (Ra being the distance between the point on the hologram and 
the point in a plane in which the image is observed). Finally, the wave reaching 
the considered image point can be described as follows:

JJt — e»*2(KB1-/,Bij+Hc<+Ji3) _̂ eik2(iiRR-MRi+Rc+R3) + e*k2 (l‘R2 -l‘BR+RC+Rs)

_|_ eikl(jxBR-llR2+RC+R3) (6)

where (i =
The considerations we have been carrying on till now refer to only one ray. 

To find the light intensity in a given image point it is necessary to take into 
account contributions from all interfering rays:

I —L 3 — 1 2< = 1 j'-l
A i . ,  f (7)

where i = 1  j  = 1  number the summed rays. The manner
in which the rays are selected as well as the choice of its number and density 
have been described in the papers [4, 5] and will not be repeated here.

Finally the light intensity distribution in a given point is expressed by a 
formula

I "s "i,
+  cos Bit} +  cos Citj +  cos Dfj)

| ¡=U-i
r  » 3 ! n V

+  £  (sinAitj +  sinBiif +  sinCu  +  s'nDfj) \
l.i-13-l J

where :

(8 )

■A-i,} — ^ 2  №  i.j—/*Rr i,j+ Rc ¡j +  Ri.i.j) > 
Ri . i  =  k ^ / i R R i j  — f i R i i j + R a , i + R s i , j ) ,  

Q . i  —  ^2 (/*-®2 i . j  —  (* R r  i , j  +  R c  i . j  +  R s  i , j )  > 

R i . i  * ■ *  ^ 2  { ^ R r  i . j  i^ R ^  i . j  R c  i . j  + R 3  i . j  )  *
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However, to make the results independent of the number of rays taken into· 
account it is necessary to perform a normalization, as in papers [4, 5]

I 3 (9>

2 . Numerical results

The presented above method of the light intensity evaluation in the holographic 
image of the two-point objects should be tested in order to establish the accuracy 
calculations. The easiest way to do it is to analyse an aberration-free imaging» 
The recording and reconstruction geometries are shown in Fig. 2. For shorten

in g . 2. G eom etry o f hologram  recording (a) and im age reconatruction (b) used for testing 
the algorithm :
x1 =  0, x2 = 2Ax, Xjt =  5 m m , xq — 5 m m ,
z1 — —100 m m , z2 =  — 100 m m , zR = — 100 m m , Zq =  — 100 m m ,
m = ft = 1, 2a =  2 m m , A, =  0.0006328 m m , z3 =  — 100 mm

ing the computing time we have restricted ourselves to a simplified case of 
one-dimensional hologram and calculated the light intensity distribution in 
an image of the two-point object for several distances between the object points. 
The theoretical function describing this dependence is as follows:

I  = sine
/ 2nax3\

l *̂*8 )
+  sinc

/ 2na(xa — 2dx) \

2̂Z3 )
(10 )

The curves drawn in heavy lines in Fig. 3 illustrate this distribution, while 
the values calculated according to our algorithm are marked by circles. It may 
be seen that the consistence is very good.

To investigate the influence of aberrations on the resolution the calcula
tions were made for a selected case of holographic recording and image recon
struction. The reconstruction geometry was chosen in such a way that the image 
was emphatically aberrated. The numerical data referring to this case are mark
ed in Fig. 4.

To analyse the influence of the aperture size on the image quality we dealt 
first with a case when the object was placed practically on the axis (a?0 =  0).
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For each aperture size the calculations were performed for three distances betwe
en the object points; the resulting curves are presented in Fig. 5. For compari
son the values of the resolution limit for aberration-free imaging, obtained ac
cording to the Sparrow criterion, are given in this figure. It can be also noticed 
that for the aperture smaller than 10 mm the influence of aberrations is unno-

F ig . 3. Theoretical and num erically calculated light intensity distributions in an aberration- 
ire e  im age o f a tw o-poin t ob ject

F ig . 4. Geom etry o f hologram  recording (a) and im age reconstruction (b) in the investigated 
case o f  aberrated im aging :

= xo + Ax, x2 =  Xo — Ax, xR -  0,

©II£

*1 = — 100 mm , z2 = —100 mm, zr — —200 mm, zc — —300 m m ,
m - P *  If 2̂ :=  0.0006328 m m , z3 =  —120 mm
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ticeable, it appears only when the aperture width reaches 15 mm and is con
siderable above this value. It is even doubtful when the images of two points 
may be admitted to be resolved.

Then we investigated the influence of the field angle on the imaging quality. 
Constant aperture width equal to 5 mm was assumed, and the light intensity 
distribution in the image of the two-point object was calculated for two values

2a-S

Fig. 5. L igh t intensity d istri
bution  in the aberrated 
im age o f a tw o-p o in t o b 
je c t  (x0 = 0) for  three d if
ferent distances betw een 
ob ject poin ts and d ifferen t 
apertures (2Axs denotes th e  
Sparrow resolution lim it)

of the field, i.e., for 10 mm and 20 mm. The results are presented in Figs. 6 
and 7. For the field oc0 =  10 mm it can be seen that a visible resolution between 
the two image points occurs for the distance between object points as small 
as 2Ax =  0.008 mm. It is unexpected as this distance is smaller than the ap
propriate resolution limit according to Sparrow criterion. It can be seen, however, 
that for slightly greater distance the points are unresolved again. Only if the



F ig. 6. L ight intensity distribution in the aberrated im age o f a tw o-point ob ject for different distances 2Ax between ob ject points and 
for  aperture 2a => 5 and fie ld  xg =  10 mm



I
.02425

1

T ig. 7. L igh t intensity distribution  in the aberrated im age o f a tw o-point ob ject for d ifferent distances 2 Ax betw een ob ject points and 
fo r  aperture 2a = 5 and fie ld  xü =  20 mm
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distance between them is greater than 0.01 mm the points in the image are 
still distinguished. The same effect is even more noticeable for the field equal 
to 20 mm. For the first time the image points become resolved if their distance 
is 0.00875 mm; it seems, however, that only for 2Ax greater than 0.02175 the 
points can be treated as being constantly resolved. The prior region is called 
by the authors false resolution.

As it was already stated for the case of the coherent illumination, the opin
ion about the imaging quality based on the analysis of the image of one- or 
even two-point objects should not be generalized for the case of extended ob
jects. The investigation of the holographic imaging quality for the extended 
objects will be the subject of our next paper being now prepared.
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Численное исследование двух  точенного распределения 
в голографическом отображении

В статье представлен численный алгоритм, позволяющий рассчитать распределение интенсивности 
света в голографическом изображении двухточечного предмета. После испытания точности 
этот алгоритм применялся для оценки изображении двухпточечных предметов, полученных путем 
голографического отображения с аберрациями. Полученные результаты полезны для анализа вли
яния аберрации на двухточеченое распределение в зависимости от поля и апертуры голограммы.
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