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On the possibility of sphero-chromatic aberration
correction of single holo-lens used as a spectral device
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Considerable chromatic aberration characterizing holographic lens can be used to design a simple
spectral device in which a holo-lens acts as focusing and dispersive element at the same time. For
optimizing the geometry parameters of such a device, it is necessary to analyse the sphero-
chromatic aberration of single holo-lens. In the paper, the conditions for simultaneous vanishing of
both spherical aberration and its first derivative are determined. To verify the obtained relations
polychromatic images of point object are evaluated by means of numerical modelling of imaging
for some exemplary imaging configurations.

1. Introduction

Holographic optical elements (HOE) become more and more important in modern
optics [I]-[4]. Their aberration properties are well known and described in many
publications. Most of the papers are limited to the investigations in a mono-
chromatic light beacuse of the significant chromatic aberration of these elements.
This specific feature of holographic lens can be, however, profitable property of such
optical elements and may allow us to apply holographic lens as a part of spectral
device, e.g., monochromator, spectroscope, fiber optical multiplexer [5]-[8], and
others.

From this point of view, it is necessary to investigate the chromatic properties of
such a holographic element in a full visible light range.

In most cases a point object located on axis is of interest to us. Taking into
account small field angles it seems to be sufficient to start from the aberration
analysis according to Meier approximation [9]. Nevertheless, it is obvious that for
full analysis of imaging quality the third order aberration description is not sufficient.
In order to have real intensity distribution in an aberration spot a numerical
simulation of holographic lens imaging can be used [10].

2. Correction of sphero-chromatic aberration

2.1. Analytical formulae

Let us consider a holographic lens (holo-lens) recorded according to the geometry
shown in Fig. la. Symbols Pa and Pfi denote point sources of spherical waves
creating the holo-lens; zaand zp are the respective distances from those points to the
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Fig. L Holo-lens recording geome-
try (a), and imaging geometry (b)

holo-lens plane. The light wavelength used during the recording step is Xv This
holo-lens is used to image a point object POlocated on axis in the distance zOin front
of it, as it is shown in Fig. Ib. The light wavelength X2 used in this step is in general
different than Aland /I2Mi = In The image P{is observed on axis in Gaussian plane
situated in the distance z, behind the holo-lens. The value of zx depends on the
distances za, zp, z0and parameter pi as follows (signs +, —correspond to the primary
or secondary image, respectively)

VZj = 1/z0£"(1/za—L/z"). (la)

To simplify the notation, undimensional parameters: z, r, p, t, w describing the
recording and imaging geometries, are introduced (see Fig. la, b).

t=pxp(l —). (Ib)

It means that for the given position of a point object and observation plane (fixed
p and i) a sharp image is formed only for one particular wavelength; the other
wavelengths give smeared and low intensity images in this plane. On the other hand,
for every wavelength there exists an observation plane (defined by parameter t),
where the Gaussian image relation (1) is fulfilled. This particular wavelength will be
called “base” for a given pair of distances z0 and z4 (i.e, parameters p and i).
Therefore, by shifting the observation plane along the axis perpendicular to the
holo-lens the light wavelength can be selected.
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Fig. 2. Schematic diagram of spectral device in configuration No. 1 a - geometry B, b- geometry A,
¢ - geometry C

As the object point PDis located on axis then all third-order aberrations except
the spherical one are equal to zero. The spherical aberration coefficient S depends on
the holo-lens recording parameters za, zp, ft and object distance z0as follows [9]:

S =zl n{l/z% -1fzj)-1/zf. (2a)
The same relation can be expressed using undimensional parameters r, z, p, p
S=[p’x/<(I-f3)-i3/2i. (2b)
The aberration coefficient S is a function of parameter n

S{p) = £ [1-rJ/*3- [3p(I-r)2)/t2£ [1-r3-3p2(I-r)]/x. (20

The following analysis is conducted independently for two different ways of
changing the “base” wavelength called configuration No. 1and configuration No. 2.

2.2. Configuration No. 1

The imaging geometry of fixed object distance zO= const will be called
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Fig. 3. Spherical aberration coefficient S in dependency of relative wavelength shift p for selected value of
parameters r and different values of parameter p (configuration No. 1)

r
Fig. 4. Relative wavelength shift p0 and value of parameter p0 assuring the best compensation of spherical
aberration in dependency of parameter r (configuration No. 1)

configuration No. 1 (Fig. 2). The “base” wavelength is changed by shifting the image
observation plane in this configuration.
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As it can be seen from (2c), the function S(p) has a form of third-order
polynomial. The first root of this function is pt = 0 and is of no meaning to us. The
other ones (if they exist) take the values:

2 = {3p+ [4(1—J/(I—) —3p3 /2(1 —) } 112,
1LB={3p-[4(1-r3/(I-r)-3p3/2(l-r)} 12 ©))

The graphs of S(p) for some exemplary values of parameters r and p are presented
in Fig. 3. By proper choice of these parameters the aberration free image can be
obtained for desired value of p, however, any change of the imaging light wavelength
causes the appearance of spherical aberration.

As it can be seen from (2b), the function S{p) has a local maximum for
p0 ~ 3p/2(1 —), and it is possible to have simultaneously S${p) = 0 and dS/dp = 0 for
some value of p = p0. Parameter pQ determines the “optimum” observing plane
location. The spherical aberration coefficient in the neighbourhood of this point
varies slowly, and therefore, if the observation plane is moved off this “optimum”
location then some spherical aberration apprears but it remains reasonably small

Fig. 5. Schematic diagram of spec-
tral device in configuration No. 2:
a- geometry B, b- geometry A,
c - geometry C
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P

Fig. 6. Spherical aberration coefficient S and relative wavelength shift p. in dependency of parameter p for
selected value of parameter r and different values of parameter w (configuration No. 1)

(dashed curve in Fig. 3). The value of p0 for which the best aberration compensation
is achieved depends on the geometry of the holo-lens recording, as it can be seen
from Fig. 4, and therefore, it can be fitted to the technology conditions.

2.3. Configuration No. 2

The imaging geometry of fixed object-image distance z04-zx—z/w = const will
be called configuration No. 2 (Fig. 5. The plane of image observation is fix-
ed independently of the light wavelength used. By changing the location of the
holo-lens along the axis between an object and fixed image plane (change of
parameter p) the “base” light wavelength X2 creating the Gaussian image in the fixed
plane is chosen.

In this configuration spherical aberration coefficient S depends on the parameter
p as follows:

S(p) = P2{p-p[w/(p +w)]3- [I/(P+w)][(I —3/(1—)]}. )
The *base” wavelength is given by
= -p 2(p+w)(l-r). ©)

The graphs of S(p) and p{p) for some exemplary values of r and different values of
r are presented in Fig. 6. As it can be easily seen no good image can be achieved for
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too big or too small value of parameter p when p and S tend to infinity. However,
one can get images of limited spherical aberration when holo-lens location is defined
by the parameter p of value close to —1 for p < 1

It would be desirable to have the condition dS/dp = O fulfilled as before. That
leads to symmetrical holo-lens location (p = —2w) and the following spherical
aberration coefficient (generally non-zero):

Sip =—2w) = 2p2{p—1/p)1(2 —3/(I —)]}. ©)
If the parameters p, w and pfulfill the relations:
Po= —(1—3/(I-r)],
wo = 0.5[(1—3)/(I —¥)], U

Po = 2[(1—3)/(I —1)],

then, additionally, spherical coefficient S vanishes.

The imaging geometry described by those parameters (p0, wO, p0) is not
convenient, however, because any shift of the observation plane (independently of its
direction) results in decreasing of the coefficient p, i.e. in no way can the Gaussian
image in longer “base” wavelengths be obtained. In practice, it is better to choose
another value of p0 defining the “optimum” object distance for which some small
spherical aberration appears but the S(p) function changes slowly in the neighbour-
hood. Additionally the p(p) function should be monotonic in the same range of
parameter p variations.

3. Holo-lens spectral device

3.1. Principle of operation

The holo-lens operating as described above can be treated as a model of simple
spectral device such as a spectrometer or a monochromator.

In the first application the non-monochromatic light beam whose spectral
content is to be investigated illuminates a pinhole or an input slit located in the point
PQ In the observation plane distant by z, from the holo-lens a sharp image of the
pinhole in one, “base”, wavelength is formed while the other wavelengths give
blurred images. Therefore, the image of the input pinhole observed (or measured) in
the plane P{is coloured. This colour depends on the relative location of the input
pinhole, holo-lens and image observation plane. By their shifting the analysis of the
light illuminating input slit can be performed.

A monochromator can be obtained if a polychromatic (e.g., white light) point
source is located at PQand an opaque screen with a small pinhole (exit slit) is located
at Pt Then, by proper shifting of the holo-lens or the screen the spectral content of
the light flux emerging from the exit slit can be changed.

To investigate fully the optical properties of the described devices, it is necessary
to evaluate the image given in polychromatic light not only when the imaging
geometry corresponds to “optimum” distances zGand z{(denoted in the following as
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Fig. 7. Light intensity distribution in the perpen-
dicular cross-section of the image spot v in depen-
dency on the difference between the actual light
wavelength and the “base” one AX (configuration
No. 1): a - geometry B (zjB= 215 mm, XB=
620 nm), b - geometry A (ziA = 300 mm,
Aa = 548 nm), ¢ - geometry C (zix= 550 mm,
Xc = 465 nm)

geometry A or A) but also when the holo-lens and observing screen are relatively
shifted off this position. It can be supposed that to obtain an opinion about imaging
quality in the whole range of the admissible relative shifts of the holo-lens or
observing screen, it is enough to examine two exemplary combinations of the object
and image distances for each configuration. These values of zGand z, should be
chosen in such a way, that the respective “base” light wavelengths are as close to the
short- or long-wavelength limits of the visible light range as possible. On the other
hand, it is desirable to have the spherical aberration coefficient not greater than 107
which assures that the Marechal criterion for the “base” wavelength is fulfilled. These
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two cases are denoted as geometry B, B, C, C respectively.

3.2. Numerical investigation

For estimation of the imaging quality of the holo-lens working under the conditions
described by all geometries mentioned above, the computer analysis based on the
numerical evaluation of the image [10] was performed. The following recording
parameters of the holo-lens for both configuration are chosen: r = —1, za= 173.2
mm, zp= —173.2 mm, kx= 632.8 nm, D = 30 mm (where D is the holo-lens input
pupil diameter). Then the best aberration correction is achieved for A2 equal

Fig. 8. Light intensity distribution in the perpen-
dicular cross-section of the image spot v in depen-
dency on the difference between the actual light
wavelength and the “base” one AX (configuration
No. 2): a - geometry B’ (z. = —225 mm,
XB =487 nm), b - geometry A (zcA=
—150 mm, XA = 548 nm), c - geometry C (z,,¢c =
—125 mm, Xc. = 607 nm)
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approximately to the middle of the visible light spectrum range. The holo-lens focal
length for this wavelength isf0O = 100 mm. The values of object and image distances
as well as “base” light wavelengths and spherical aberration coefficient S for both
configurations No. 1 and No. 2 in three selected geometries are given in the Table.

Some parameters of investigated imaging

Configuration  Geometry  z0 [mm] Z [mm] X2 [nm] S(A2) x 108

B -150 550 465 -0.74
No. 1 A -150 300 548 0

C -150 215 620 -1.98

B -225 175 487 2.18
No. 2 A -150 300 548 0

C -125 325 607 -17.19

To have a complex characteristic of polychromatic image formed by the anlysed
holo-lens the light intensity distribution I(u, v; X2) in the image of a point is calculat-
ed for X2 varying from Xmn= 360 nm to 2max= 750 nm. It was assumed that
a point object emits the equal intensity for each wavelength from visible range.
The results are presented in Figs. 7 and 8, where the light intensity distribution
in the perpendicular cross-section v of the image spot in dependency on the diffe-
rence between actual light wavelength and the “base” one AX are shown for the
geometries A, B and C (configuration No. 1, Fig. 7) and A, B, C, (configuration No.
2, Fig. 8.

As it is easily seen in all cases colour selectivity effect appears, the maximum of

Fig. 9. Variations of illuminance across
the image spot in geometries A, B, C
(configuration No. 1)



On the possibility of sphero-chromatic aberration correction... 43

the light intensity distribution curve decreases rapidly to a few per cent when X2
deviates from the “base” one for about AX2—1 nm only.

It is interesting to evaluate the polychromatic illuminance in the image

Hu V)= J Hu v Xy(X)dX ©)

¢min
where y{X) describes the sensitivity function of the human eye.

It appears that in all geometries A, B, C (in configuration No. 1) or A, B, C (in
configuration No. 2) a small light spot on a quite intensive homogeneous back-
ground can be observed (Figs. 9 and 10, respectively).

It could be interesting to know the colour of image of a point object emitting
white equienergetic light.

To find the colour of the image the chromaticity coordinates are calculated:

x(u, v) = X(u,v)/[X{u,v) + Y(u,v) +Z(u, t?)],
y(uv) = Y{uv)/[X{uv) + Y(uv) +Z(m»)] 0

where:
¢;max
X(u,v) — J 1(u,v; Ax(X)dX,
¢min
¢max
Yuv)= J I(uv;X)mdX, (10)
¢min
¢max
Z{uv)=j* l(u, v;A)z(A)dA.
¢min
The variation of chromaticity across the image spot are maked by lines in
chromaticity coordinate (x,y) distribution (Fig. 11 for configuration No. 1, and

Fig. 10. Variations of illuminance
across the image spot in geometries A',
B', C' (configuration No. 2)
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Fig. 11. Variations of chromaticity across the image spot in geometries A, B, C (configuration No. 1)

Fig. 12. Variations of chromaticity across the image spot in geometries A, B, C (configuration No. 2)
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Fig. 12 for configuration No. 2). For each chosen geometry the colour of the image
spot is different. For the geometry A (or A) yellow-green, for geometry B (or B) red
and for geometry C (or C) blue colour spots are observed.

If an opaque screen with a small pinhole (or exit slit) is placed in the image plane,
then the device acts as a kind of monochromator. To characterize its quality
a spectral content of the light flux emerging from the pinhole can be useful. The
relative light intensity T(A) can be evaluated from the following integral:

T{X) = I—_ll{u,v;X)dudv (11)

where | denotes the pinhole surface. The exit pinhole diameter is chosen to be
approximately equal to the appropriate Airy disk diameter and equals 0.04 mm. Fig.
13 (for configuration No. 1) and Fig. 14 (for configuration No. 2) present the curves
T(A). The peak half-width (for all examined geometries) of obtained spectral content
curves varies from 3 nm to 7 nm.

Fig. 13. Spectral content of the light flux through a pinhole located in the image plane in geometries A, B,
C (configuration No. 1)
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4. Concluding remarks

Holographical optical element (HOE) can be successfully used as a dispersive and
imaging element simultaneously. The great chromatic aberration of HOE, in most
cases regarded as a disadvantage in nonmonochromatic imaging, becomes useful in
a dispersive device.

A spectral instrument such as a spectroscope or a monochromator can be built as
a very simple device. An optical setup consisting of an opaque screen with an input
slit, a holo-lens and an image observation screen acts as a spectroscope. This kind of
spectroscope is not a common type beacuse the light spectrum is extended along
z-axis, and the observation of the whole light spectrum at the same time is not
possible. However, it can be designed as a scanning spectroscope, where the light
spectrum is analysed by a detector moved along z-axis. A white light point source

Fig. 14. Spectral content of the light flux through a pinhole located in the image plane in geometries A, B,
C (configuration No. 2)
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illuminating a holo-lens and an opaque screen with an output slit can be used as
a monochromator. Such devices work correctly for almost the whole range of visible
light spectrum. Two configurations are possible: the one of constant object to
holo-lens distance enabling to obtain better imaging quality, and the other of fixed

object to image distance (constant overall length) better from the technology point of
view.

The computer analysis presented above needs experimental verification, that is
planned for the near future.
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O BO3MOXHOCTU KOppeKUMU cthepoxpoMaTuyecKolr abeppaumn OAMHOYHOR JINH3bI,
paboTaroLLe Kak CheKTpasbHbIA npubop

3HAUMTENbHYIO XpOMaTMUecKylo abeppauuio, XapaKTepusylollylo ronorpaduueckyto JnH3Yy, MOXHO
UCMO0Mb30BaTb [/1A MOJlyYeHUs MPOCTOro CreKTPasbHOro YCTPOWCTBA, B KOTOPOM rofiorpaguyeckas
NNH3a felicTBYeT OAHOBPEMEHHO KakK AWUCMepCHbId U (DOKYCUPYIOLMIA 3neMeHTbl. [1is onTuMum3aumm
TaKoro ycTpoiicTBa He06X04MMO NPOaHAIM3UPOBaTL CHEPOXPOMATUYECKYD abeppaLuio rofo-MH3bI.
B pa6oTe HalifieHbl YCNOBUSI ANsi OfHOBPEMEHHOr0 MCUe3HOBeHUs ciepuyueckoil aGeppauun ee nepsoit
npov3BoAHOM. N5 NPoBepKM MOMyYeHHbIX OPMYS, YNoTpe6asis MeToh YMCIEeHHOr0o MOAENUPOBAaHNS,
Onpejenuan MoanXpomMaTnyeckoe KM306paKeHWe TOYEYHOTO OGBEKTA.

Mposepun CTaHucnas lMaHua>k



