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Application of a spherical holographic optical element
as a Fourier transform lens*
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The holographic optical element recorded on a spherical substrate is investigated as the Fourier
transform holographic lens. For recording the HOE a plane reference wave and an object spherical
wave are interfered on-axis. Now, if the various spatial Fourier components are identified as plane
waves propagating in different directions, then such a holographic lens can be used as a Fourier
transform lens, since the complex field distribution across any plane is Fourier analysed.

1. Introduction

In this paper, a configuration for performing the Fourier transform operation by
a spherical holographic lens is considered.

This problem has been studied because of a very interesting property of spherical
holographic elements offering a possibility of eliminating the offence against the sine
condition at a spherical position of the object. However, this property will be
considered in a detailed way in the next paper being now prepared for publication.

The spherical holographic lens, compared to a conventional thin lens, can be less
expensive in mass production and very useful for many applications in various
domains of science and technology. A holographic lens is said to be isoplanatic ifit is
space-invariant, i.e., if the image of a point-source preserves its functional form when
changing the point-source location. Analysis of the diffracted waves shows that, if the
reconstructing source is situated at a position different from that of the reference
source, the holographic image occurs with aberrations at a position different from
that of the object.

In this paper, a spherical in-line hologram is recorded by the two waves:
a spherical and a plane one. The paraxial position of the holographic images of an
object point-source is described by the well-known imaging lens formula. For
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realizing the Fourier transform operation, the focusing properties are used, and the
reconstruction wave is a plane wave which represents a spatial frequency component
of an angular spectrum. If the direction of the reconstruction wave is parallel to the
optical axis, then the images are the focal points of the hologram and determine
location of its focal-planes. We say that the real image (conjugate image) reconstruct-
ed by the central plane wave is the dc component of the spatial spectrum. In the case
of sloped reconstruction beams, at the angle ac (different from zero) with the optical
axis, we obtain the images in the focal plane in different positions which describes the
spatial frequencies of the examined input transparency.

2. Holographic Fourier transform lens

The two-dimensional Fourier transform permits studying of the structure of an
object in the spatial frequency domain. It is well known that a thin lens acts as
a Fourier transformer of spatial distributions providing the Fourier transform
relationship between the complex amplitude in its front and back focal planes. The
transform actually effectively decomposes an illuminating light wave into component
plane waves whiose directions correspond to its spatial frequencies. The components
can be analysed in a similar way as by the conventional thin refractive lens [1].

The focusing properties of a spherical hologram are considered in such a way
that thé reconstructing plane waves focused in the image space are investigated in
order to determine the Fourier transform of the object transmittance. When
illuminated by a coaxial plane wave, the object produces an angular spectrum of the
diffracted plane waves which represent various spatial frequency components of the
transparency. The holographic lens focuses these wave to the points located at
different distances from the axis of hologram lens. A single plane wave representing
a particular spatial frequency can illuminate either the whole hologram or only
a part of it [2]. In the considerations of this paper, each of these plane waves
illuminates the whole holographic lens [3] in a similar fashion as in the conventional
optical system. For recording, shown in Fig. 1, the object spherical wave and the
reference plane are symmetrical in regard to the optical axis. Figure 2 illustrates the

Fig. 1L Arrangement of holographic lens recording. L - lens, P - pinhole, B - beam splitter, H - spherical
photolayer for hologram recording, RO - distance between the spherical vertex of hologram substrate and
the object point-source, A0 - wavelength of the recording waves
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Fig. 2. Holographic optical element (HOE) as a Fourier transform lens transforming a diffracted plane
wave into a spherical one. dc - incidence angle of the reconstructing wave, a, - angle of diffraction,
/ - image point, Rt- distance of the image point from the HOE vertex, / - focal length, / - wavelength of
the reconstructing wave

geometry for readout of the holographic lens transforming the plane wave into
a spherical one which represents a particular spatial frequency of the object
transmittance located in the front focal plane. If the object of amplitude transmit-
tance U{xQ yQ is assumed to be uniformly illuminated by a normally incident,
monochromatic plane wave of wavelength X = XQ(Fig. 2), then the distribution U{xf,
yf) of field amplitude across the back focal plane is the Fourier transform of the
object transmittance

00

Uxf, yf)= A jjV (@, yo)™P~-ij(xoXTf+y0yf) dx0dy0 A

where A is the amplitude of plane wave of the wave number k = normally
incident on the object plane. As shown in [4], the necessary condition for any optical
element or system to perform the Fourier transform (1) is to fulfill the equation

U'(x, y)= U, y)exp} i +—(X 2
X y)= U, y) pt_ r/<(x?f¥;ﬁ (2)
where / = RO, only for the wavelength X equal to the wavelength XQ

3. Third-order aberration coefficients

For the sloped reconstructing beams, the HOE focuses the wavefronts to points in
different planes located at the distances zx= Rxcosa, from the holographic lens. Thus,
Eg. (2) determining their amplitude distribution just behind the HOE in general
takes the form

U(®X y) = U yexp — 2 (x2+ y2)cos 4 ?

The procedure for obtaining aberrations of the reconstructed images is based on the
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Champange theory [5], which for the spherical point hologram is described in [6]. It
is well known that in this formulation there exist only three aberrations: spherical
aberration, coma and astigmatism. It is also quite obvious that in the case where the
direction of the reconstructing wave coincides with the reference wave of this
hologram one can find an unaberrated image point which in these considerations
illustrates the zero frequency of the spatial spectrum. All of the other image points
are loaded with the aberrations. Therefore, the wavefront deviation from Gaussian
reference sphere is given by

J= B[N 4 =S~ +y(THyy) + @Rarf Ay 2YAY)) ()

where S, C, A are the spherical aberration, coma and astigmatism coefficients,
respectively. For the spherical hologram these coefficients can be written [6] as:

where n = X/X0, while XQand X denote the wavelengths used during recording and
reconstruction, respectively.
We see that only spherical aberration and coma depend on the curvature of the

hologram substrate. The radius of the hologram substrate does not influence the
astigmatism.

4. Spherical holographic lens as a diffraction grating

In contradiction to conventional lens, the holographic lens is an optical element
which images by diffraction and interference rather than by refraction or reflection.
Suppose that two waves with a plane and a spherical wavefront interfere on
a spherical photolayer. The system of interference fringes forming on the spherical



Application of a spherical holographie optical elements... 287

substrate depends on the incidence angle of the two interfering waves. If the
wavelength of the two interfering waves is AQ then the distance between two adjacent
fringes which determine the period of the diffraction grating [7] is

d="r—n (6)
smaR+ sma0
where aRand aGare the incidence angles of the two waves (we say reference and
object waves, respectively), as shown in Fig. 3. But from Figure 3 we have:

Fig. 3. Ray tracing of two waves interfering at the spherical substrate. aR aQ- incidence angles of the two
waves (reference and object, respectively), P - axial point-source, C - center of the sphere, p - curvature
radius of the spherical substrate, RO - object distance from the sphere vertex

sinaR= x/p,

sinaQ= (p-T)x

Inserting the two expressions into Eq. (6), we obtain the grating spacing of the
holographic lens which depends not only on the curvature radius, but also on the
coordinates (x, y) of the points at the substrate surface. We can notice that the spatial
frequency of the interference fringes at the spherical substrate changes from vertex to
the edge of the lens in all the radial directions in the following way:

=T 1 r-j—J
d L ¢oP\/2+2(p-I)(p—Ip2-x2-y2) J

The minimum value of spatial frequency of the interference fringes we can find at the
edge of such a holographic lens where the minimal grating specing is expressed by
the equation

y 2pOJf2+{p f)(2p~ y/4p2-D&)

“min 8)

OH'Ip f+VI2p-Hepr- VV- "F)I

where DH is the diameter of this lens. Figure 4 gives the graphs of the function
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Fig. 4. Comparison between the curves of the minimal grating spacing as a function of the curvature
radius of holographic lens for three different values of /-number

dmin = d(p) for /.0 = 632.8 nm,/ = RQ= 100.0 mm and three different values of the
[-number, ie, 10. 50 and 25. We see that the three curves are the straight lines
parallel to each other, i.e., the minimal grating spacing of the investigated HOE is
almost constant in the considered region of lens curvatures.

5. Numerical illustration and conclusion

In seeking the best recording geometry for producing the Fourier holographic lens,
we considered two different approaches. In the first, the hologram is made by the two
interfering waves which form the angle of aG= «r = 0° with the optical axis of the
system, as shown in Fig. 1, analogously in the second case, the holographic lens is
fabricated by the object and reference waves at the same wavelength which are
sloped to the axis at the angle of aG= aR= 10°. The investigations of third order
aberrations in the (x-z) plane were carried out, and the spherical aberration, coma
and astigmatism coefficients have been calculated by assumption of the remaining
parameters as follows: RQ= 100.0 mm, /.Q= A = 632.8 nm with the maximum
aperture of DH= 10.0 mm. The plane waves propagating in different directions
which represent the analysed spatial frequencies are transformed by the Fourier
transform holographic lens. In the back focal plane of the lens, the images
determining different spatial frequencies are formed.

Tables 1and 2 show the values of aberration coefficients for the two different
holographic lenses recorded by assuming aQ= % =0, and = % = 10° The
coefficients were calculated at the slope of yc = 0 -14° of the incident plane wave
directions, and for three different values of curvature radius of the lens. Moreover,
using Eqg. (4), the third order imaging deviation can be evaluated. The wavefront
deviation from the Gaussian sphere may be written as a one-dimensional function of
the spherical aberration, coma and astigmatism in the form
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1. Third order aberration coefficients for aQ= aR= 0°
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Tabic 2. Third order aberration coefficients for aQ= aR= 10°
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A(X)= - C)Aqs«xc)+ C(ac)— A(d) )

where:

S(*c) =  (cos3ac+ cos3«0)™
C(ac) = sinaccos2ac + sina0cos2a0) J, + —- .,
@)= { )I ' pfJd

A(*c)= - j J’sin2accosac + sin2a0 cosaQJ ,

and
/=K 0cosa0. (10)

Ih this analysis of holographic image evaluation, we have confined our attention
to,point imagery, and therefore we do not have five monochromatic aberrations as in
conventional lens optics. Figures 5 and 6 illustrate the wavefront deviation from the
Gaussian sphere in wavelengths comprehending aberrations given in

Fig. 5. Wavefront deviation in wavelengths vs the incidence angle of reconstruction beam for
a holographic lens produced by waves of xQ= yR= 0
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Tables 1 and 2, respectively. We see that one can find the best focus at different
distances from the holographic lens vertex depending on the value of reconstructing
wave slope angle ac. By shifting the image focal plane in the axial direction, we can
correct the imaging of spatial frequences of the investigated transparency.

At this point, it is worthwhile to compare the two different holographic Fourier
transform lenses (comp. Tab. 1and 2). A curved hologram has been used as a Fourier
transformer for investigation of spatial frequency distribution. The considerations
cover a wide range of spatial frequencies. It has been shown that for a special
selection of the holographic lens parameters, the image points representing the
spatial frequencies of an angular spectrum can be improved and explicitly corrected.
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MprMeHeHVe CHEepUUECcKOro rofiorpadMueckoro aseMeHTa
ANA peanusauun npeobpasoBaHus dypbe

MNpeacTaBneH ONTUYECKUIA ro/orpauUecKnini 3nemMeHT B MPUMEHEHUN A71A peanm3almun npeobpasoBaHus
dypbe. B pesynbTate MHTepGepeHLUMM MIOCKON BOSTHbI OTHECEHMSA CO ChepuUecKoii NpesMEeTHON BOJTHOW
obpasoBanacb akcuanbHas rosiorpamMma Ha cepuyeckoli ocHoBe. B TakoMm cnyyae MI0OCKMe BOJIHbI,
pacnpocTpaHsioLMecs B pasHbIX HarpaB/ieHUsIX M MPeACTaBAsALME pa3Hble 3HAYEHWUS] NMPOCTAHCTBEH-
HbIX 4acTOT, MOTyT MNPV MOMOLLM TaKOro ronorpaguyeckoro 3fneMeHTa KOHLEHTPUpOBaTbCA B Buie
crnekTpa dypbe.

Mepesen CTaHucnas laHua>K



