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Binary holographic lens — a study of the image
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The imaging quality obtainable by using the binary holographic lenses was investigated. A suitable
algorithm for determining the amplitude distribution in the image plane of the point object has
been elaborated. It makes it possible to estimate the quality of the investigated holographic lenses.
A few holographic lenses have been investigated. The case of a lens for which the coma correction
is obtained via the relevant modification of the hologram-forming fringes rather than by recording
the hologram on a curved surface was also included.

1. Introduction

The methods of construction of holographic lenses, meeting relevant requirements
ragarding the correction of particular aberrations, have been known for years
[1]-H4]. The lens made on a spherical surface provides some extra possibilities of
correction, but its production involves great technological difficulties. There are no
such difficulties in the case of computer-generated hologram. Then, the distribution
of interferential fringes can be transformed so that a plane hologram will produce an
image identical with that produced by a hologram made on a sphere. The assumed
working conditions of the lens determine the “recording” and reconstruction
geometry. On this basis the distribution of fringes on a hologram is calculated. The
distribution is then drawn and photographed. The rectangular transmittance can be
treated as a deformation of the sinusoidal transmittance, that is why the binary lens
can be expected to produce a poorer imaging than the sinusoidal transmittance lens.

2. Numerical calculations

In order to analyse numerically the quality of the binary holographic lens, an
algorithm for calculating the amplitude (and light intensity) distribution in the image
of a point object was elaborated. A similar algorithm for the sinusoidal transmittance
lens can be found in paper [5]. Based on the light amplitude distribution in the
image of a point object, the image of any extended object can be calculated.
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The process of calculating the light amplitude distribution in the image plane can
be divided into two stages. Given the positions of the reference and object wave
sources, the curvature radius, the position and diameter of the entrance pupil, it is
possible to determine the diffraction structure of the binary lens, that is, the positions
of the interferential fringes which form the lens. The positions are determined from
the following equation:

Rp-R r=nxt,
R, = [(X(n)-Xp2+(Z(n)-Zpiyi2, )
Rr=[(X(n)-Xry +(Z(n)-Ziy yi

where: n — integer,
— wavelength used for recording,
(Xp, Zp — object wave source coordinates,
(Xr, Zr) — reference wave source coordinates,
[X(n), (Z(n)) — coordinates of the n-th bright fringe of the lens.
In the considered case Xp= 0, Xr=0.

At the second stage we calculate the amplitude distribution of the reconstruction
wave, which was subject to diffraction at the diffraction structure of the lens
determined earlier. This distribution is calculated in the following way: In the image
plane the amplitudes of all the rays which passed throught the bright fringes are
summed up. Thus, summation is done with respect to all the bright fringes. The
resultant amplitude is given by the following equation:

U(n,X3,Z23 = £ cos [e»2(n,X3,23]+iXsin[(®2(n,X3,Z231], (%4

F2(n,X3,23 = k2{[(Z(n)-Zcy+ (X (n)-X 2y *2
+[(Z2(n)-2y +(X(n)-Xyy'2} ©)

where: X2 — wavelength used for reconstruction,

(2fc Z9 — reconstruction wave source coordinates,

(X3, Z3 — investigated point in the image,

k2 = 2n/X2

The image of extended object was calculated as the convolution of the point

spread function and the object transmittance (amplitude transmittance in coherent
light and intensity transmittance in incoherent light). The calculations were done for
the one-dimensional case. Such a procedure considerably reduces the computation
time and the results can be extended to a two-dimensional case. The quality of the
lenses was estimated from the light intensity distribution, they produced similarly as
in papers [5], [6], for the analytical estimation of this distribution, the following
parameters were used: maximum light intensity 7nmax intensity distribution moments
MI5 M2, Ai3of the 1st, 2nd and 3rd orders; respectively, and spot diameters which
contain 80% of energy, d08 As binary lens may work both in coherent and
incoherent light, then, for the sake of a more accurate estimation of its quality, the
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image of a two point object was estimated both in coherent and incoherent light and
the incoherent modulation transfer function MTF was calculated.

For the correction of binary holographic lens, aberration coefficients determined
for the classical holographic lens were used. This was justified inasmuch as the
rectangular transmittance in binary lenses can be treated as the deformation of the
sinusoidal transmittance in classical lenses. Since classical holographic lens
aberration coefficients were used for the correction of binary holographic lenses, the
terms “aplanatic lens”, “corrected astigmatism”, etc., refer to classical lenses
corresponding to the binary lenses under consideration.

As it has been mentioned earlier, by a proper transformation of the distribution
of interferential fringes (which can be done because the lens is to be drawn), it is
possible to obtain a plane lens which produces an image identical with the one given
by the spherical lens. This transformation is based on the fact that two lenses will
produce identical images if they have the same phase distribution in the image plane.
The positions of the transformed fringes can be found by comparing the image plane
phase expressions of the spherical lens with those for the plane lens. The distribution
produced by the spherical lens being given, we obtain the equation with one
unknown which is the position of the transformed fringe. The phase distribution in
the image plane produced by binary spherical holographic lens (p2(n,X3,Z 3) is given
by Eg. (3). After the transformation made on a fringe system plane, the distribution
must remain the same with the accuracy of 2nm (where m is an integer)

@2{n,X3,23 = (p2(n,X3,Z3)+2nm; 4
©2 (n, X3, Z3 can be presented in form of the following equation:
@2(n,X3,23 = k2{[Z2+{X'(n)-XQ2Y '2+[Z23+ (X'(n)-X 32 '2}. ®)

By solving the system of Egs. (4) and (5) the coordinates X' (n) of the centres of the
bright fringes on a plane hologram can be obtained. Solution of this system is
reduced solving the quadratic equation

axX'(n)+bX'(n)+c =0 6
where:
a=(X-X 92 (pZ{”iji(?”m)

b=(X-X3(Z2?-Z1)-(XC+rx3) KAAz3>+xcx 3j+xi+xli
e =MZPHx1- 260 x 1t 22 T i) + 10" *3,23

3. Results of numerical calculations. Conclusions

The geometries of “recording” and reconstruction of the lens are presented in Tab. 1
(t — position of the entrance pupil, D — hologram diameter, g — radius of sphere).
The parameters of the calculated intensity distributions are given in Tab. 2
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Table 1. Investigated geometries of “recording” and reconstruction

No. X C xjze ZpP Zr Zc t D e
la 0 0 200 -200 -200 0 20 04]
Ib 4 0.02 200 -200 -200 0 20 00
2a 0 0 150 -300 -300 0 15 00
2b 6 0.02 150 -300 -300 0 15 04]
3a - 0 100 —0 —@® 0 10 00
3b - 0.03 100 —00 —0 0 10 00
3p' - 0.03 100 —0 —0 -50 10 00
3b" - 0.03 100 —0 —00 0 10 100
3b™ - 0.03 100 —00 —00 -100 10 200
Table 2. Parameters of the calculated intensity distributions

No. Amax MI-X g M2 M3 do.8 K S

la 1 0 62.85x10"6 0O 0.009 0.014 0.021
Ib 0.458 29.74x10“6 126.89x10-6  6.59x10*“10 0.014 0.02 0.03
2b 0.750 4161 x 10-4 80.43x10-6  9.89x10-9 0.013 0.019 0.025
3b 0.709 54.53 x 10"4 79.49x10"6  5.41x10-® 0.013 0.019 0.026
3b' 0.921 4172 x10“4 659 x 10-6 1.06x10"7 0.011 0.017 0.023
3b" 0.794 131 x 10-6 74.48x10'6  193x10"9 0.011 0.015 0.022
3b™ 0.907 37.92x10%4 64.79x10-6  1.53x10-® 0.011 0.014 0.022

(Xg — position of the “centre of gravity” of the aberration spot, <G*and 6c values of
the resolution in incoherent and coherent light, respectively). All the values are given
in millimetres. In aberration free case XJZ C= 0, the results of numerical calculations
being identical for all lenses. Therefore they are presented only for the lens No. 1 The
analysis was started with lens No. 1, because this type of lens is most frequently
considered in publications. It is an aplanatic but highly astigmatic lens. In such
lenses the maximum field angle, for which the results of calculations are presented, is
0.02 rd, for greater angles the imaging quality is markedly deteriorated because of
astigmatism. The intensity distribution in the aberration spot of this lens is presented
in Figs, la and Ib, and the incoherent modulation transfer function —in Fig. Ic and
Fig. Id.

In order to improve the imaging produced by the lens under consideration, the
coma correction condition was rejected and replaced by the reduction of astigmatism
(lens No. 2). The intensity distribution in the aberration spot as well as the
incoherent modulation transfer function (MTF) of this lens are presented in Figs. 2a
and 2b, respectively. The intensity distribution shows that the neglecting of the coma
correction condition has caused a disarrangement of the spot symmetry, but the
decrease of the maximum intensity in the spot with the increase of the field angle is
much slower. All the other analysed lenses are of collimator type. Lenses of this type
were analysed for field angles of 0.03 rd, because only then there occurred any
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Fig. 1 Light intensity distribution (1) in the aberration spot and incoherent modulation transfer function
(MTF). For example No. 1

distinct lowering of the imaging quality. First of these lenses, 3b, like the two
discussed above, is planar and the entrance pupil coincides with the plane of the lens.
The intensity distribution in the aberration spot as well as the incoherent modulation
transfer function of this lens are presented in Figs. 3a and 3b, respectively. The lens
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3b' is also planar, but it is the entrance pupil that is shifted in order to correct the
astigmatism. The intensity distribution calculated for this lens and the MTF are
presented in Figs. 4a and 4b, respectively. The intensity distribution shows that by
correcting the astigmatism the imaging quality is considerably improved; this is

Fig. 3. The same as in Fig. 1, but for example No. 3b

manifested in the increase of Imax and the improved resolution. The next step was to
estimate the quality of the collimator lens made on “a sphere” of radius correcting
the coma. In fact, the lens with transformed fringe distribution was investigated. The
intensity distribution for such a lens (3b"), is presented in Fig. 5a, and the MTF —in
Fig. 5¢c. The distribution shows that the coma was considerably corrected (the spot is
symmetrical) and that the /nax increased. A partial correction was done by reducing
the coma and the astigmatism by half. For such a partially corrected lens, the
intensity distribution in the aberration spot and the MTF are presented in Fig. 6a
and Fig. 6b, respectively. The quality of this lens is intermediated between that of the
lens with corrected astigmatism and the quality of the lens with corrected coma. For
the binary holographic lens the intensity distribution in the aberration spot has two
lateral peaks, which are much greater than the analogical ones for sinusoidal
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transmittance lens. For the binary lens the incoherent modulation transfer function
has a large minimum in middle frequence space. The binary lenses presented in this
paper are just being made, thus an experimental verification of the calculations will
soon be presented.
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BuHapHble ronorpaguueckne NMH3bI — WUCCNEN0BaHUS KauecTBa OTOBGPaKEHs

VccnefoBaHo KayecTBO 0TO6paXKeHUs, KaKoro MOXHO A0CTUYb, MPUMEHAS GUHapHble ronorpadguyeckue
NMH3bI.  Pa3paboTaH anropuTm OnpefeneHvs pacnpefefieHnss amnanTyfbl B MJIOCKOCTM o0b6pasa
TOYEYHOro 06beKTa, KOTOPbI/ faéT BO3MOXHOCTb OLEHWUTb KayecTBO OTOOPaXKeHUs, Nosy4yaeMoro npu
nomowin 6MHapHbIX ronorpauyeckmx nuH3. MccnefoBaHbl HEKOTOPbIe BblbpaHHble ronorpagpuyeckue
NNH3bI, M.AP. UCCNeayst BNVAHWE PACcMO/IoKeHNsI BXOAHOI0 3payka Ha KayecTBO 0TO6pakeHUst 1 NpoBoAs
MOAVMUKALNIO pacrpefeneHns NNMHWUIA B rosorpamme, KOTOpPOe OTBeYaeT KPWBU3HE MOBEPXHOCTU
ronorpammbi.



