
Diffraction-limited singlet lenses 
by Joseph Braat 

W ith the advent of optical disc 
systems, the need for compact, 

low-weight, and inexpensive micro
scope objectives has led to the devel
opment of small, well-corrected sin-

FIGURE 4. The equalization of opti
cal pathlength for the different aper
ture rays of a singlet lens from the 
object point L to the image point F 
[taken from C. Huygens: 'Traité de 
la Lumiére,' p. 113, new edition 
Complete Works, Volume 18, p. 
531, Martinus Nijhoff, The Hague 
(1937)]. 

glet lenses. The reduction of aberra
tions (mainly spherical aberration 
and coma) is achieved by the combi
nation of mostly old ideas and new 
technologies l ike aspherical lens 
shapes, inhomogeneous lens material, 
and the application of holographic 
structures. 

With respect to a standard micro
scope objective, the major simplifica
tion is the rather l imited spectral 
width of the source and the restricted 
field required. But the state of correc
tion of these objectives should be ex
cellent and the aberrations definitely 
smaller than prescribed by the Maré-
chal criterion1 for rms wavefront ab
erration (OPD). 

The most advanced techniques at 
this moment are molding and replica
tion of both plastic and glass materi
al; the price of these precision prod
ucts has gone down to a level of only 
a few dollars. Other applications in 
the field of precision optics can now 
be expected. 

Following is a brief overview of the 
advantages and practicality of the dif
ferent solutions for the manufacture 
of these micro-objectives. 

The current requirements for a 
read-out objective for optical disc sys
tems are: 
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Numerical Aperture 
(NA) 0.45-0.55 

Operating central 
wavelength 780-840 nm 

Spectral width of the 
source 5 nm 

Focal length < 4.5 mm 
Maximum aberration λ/8 

(rms wavefront error 
(OPD) 9.40X) 

Field angle 1° 
Field curvature and distortion are 
permitted. 

Aspheric lenses 

An obvious solution for the correc
tion of the aberration of a spherical 
singlet lens is the "figuring" of one or 
both of its surfaces. The required 
shape of a single surface that assures 
perfect imaging between two conju
gate points was already known to 
Descartes (oval surfaces). When the 
conjugate points are chosen accord
ing to Huygens' construction of the 
aplanatic points, the oval surface re
duces to a sphere. Unfortunately, in 
this case, one of two conjugate planes 
is always virtual. When a real image 
of a real object has to be formed, 
Huygens suggested constructing a sin
glet lens with one aspherical surface 
using the principle of equal paths 
along all rays of a pencil (Fig. 4). 

The aspherisation of two surfaces 
simultaneously was proposed by 
Schwarzschild2 and he used the extra 
degree of freedom to make his mirror 
objective aplanatic by applying Ab
be's sine condition to the rays of the 
axial pencil. L innemann 3 showed 
how to calculate the two aspherical 
surfaces of a singlet lens. 

The main remaining problem was 
the realization of such a lens. Des
cartes was reluctant to have his 
aspherical surfaces fabricated because 
he feared the poor practical result to 
be expected might be attributed to his 
calculations being unreliable. In this 
respect, it is worth noting that a pol
ished spherical lens with its inherent 
spherical aberration performs better 
than an aspherical lens made with a 
figuring error of 10 µm. It was not 
until recently that the 1 µm and final
ly the 0.1 µm precision required for 
optical recording objectives was at
tained on numerical ly control led 
lathes for the manufacture of molds 
for aspherical surfaces.4 

Figure 5 shows some lens shapes of 
bi-aspherical lenses. The first two 
lenses have a large field but the initial 
spherical aberration that has to be 



corrected is quite large. The steepness 
of the aspheric surfaces makes their 
alignment critical. A typical tolerance 
of 1µm is to be expected. Note that 
the second lens resembles the flat field 
anastigmatic lens with one aspherical 
surface as proposed by C.R. Burch. 5 

The aspherical lens shown in Fig. 2c 
has neither a large, nor a flat field; the 
constructional parameters have been 
chosen such that the intermediate im
aging also satisfies the sine condition; 
in this way a singlet with a large toler
ance on decentering between the 
aspherical surfaces has been obtained. 

The field of bi-aspherical lenses be
ing rather large, it is also possible to 
obtain the required field angle of one 
degree with a mono-aspherical lens. 
By an appropriate choice of the par
axial curvatures of the lens surfaces 
the sine condition can be satisfied 
quite well. When the refractive index 
of the glass is higher than 1.65, the 
second surface may be flat, which is 
an interesting feature for the produc
tion and alignment of the lens. 

The present techniques for mass-
production of these lenses rely on 
molding; both plastic and glass are 
used. With a hybrid technique a thin 
plastic correction layer can be depos
ited on a spherical glass substrate.6 

Important factors in the process are 

FIGURE S. Possible shapes of bi-aspherical lenses. 

the mold durability and the residual 
birefringence of the lens material. 
With respect to environmental stabil
ity, glass is superior to optical plastic. 
This might be important for a high 
numerical aperture version of the lens 
or for a lens working with two finite 
conjugates. 

Gradient-index lenses 
Objectives with an index variation 

in the radial direction are the most at
tractive ones because they can be pro
duced starting with gradient index 
rod material. Pure rod lenses cannot 
be used because of the small field an
gle (2 mrad). When the end face at the 
long conjugate side is made spherical, 
the field angle becomes sufficiently 
large. The index excursion is of the 
order of 0.06 with a required preci
sion of 0.0001: a significant contribu
tion from the sixth power in the radi
al profile can be present. Instead of a 
radial gradient, it is possible to use a 
lens with an axial index variation, 
combined with a spherical entrance 
surface. The required index excursion 
is rather large (typically 0.127). 

Microscope objectives with a radial 
gradient have been manufactured and 
the state of correction is satisfactory.8 

But the technology does not seem to 

have developed to a level that enables 
cheap mass product ion of these 
lenses. 

Holographic Optical Elements 
(HOE) 

Several proposals have been made 
in the field of diffractive optics. The 
flat substrate holographic lens suffers 
from a very small usable field (10 µm 
diameter) because of the large offence 
against the Abbe sine condition. A l l 
the power being diffractive, the longi
tudinal color is large and the spectral 
width of the source should not exceed 
0.2 nm. A n elegant application of a 
flat holographic element is to be 
found in the integrated optics pick-up 
device.9 

When the field has to be increased, 
it is necessary to use a H O E with a 
curved substrate such that the sine 
condition is satisfied. When a larger 
spectral bandwidth and a larger range 
of operating wavelengths are desir
able, a hybrid H O E has been pro
posed where the main part of the op
tical power is refractive and the aber
rat ion correction is done with 
diffractive means. 1 0 
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