High-order aspherics:
The SM S nonimaging design method applied to imaging optics
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ABSTRACT

The simultaneous multiple surface (SMS) methodbesen used to design nonimaging devices, such as
solar concentrators and collimators, which workrrika thermodynamic limit at highest efficienciébe

very high compactness of these devices is obtainexigh the simultaneous design of two high-order
(above 38) aspheric surfaces. In imaging optics, low-oraspheric surfaces were introduced to correct
Seidel aberrations. The ease with which the SM$atktalculates higher-order aspheric surfacesoffer
great advantages in imaging design.

The SMS method can design N rotationally-symmeduidaces that, by definition, form sharp images of
N one-parameter subsets of rays. The design gyransists in finding the best configuration ofgh
subsets of rays in phase-space, one that ensatesnidige-quality specifications will be met by adin-
design rays. As a first example of an SMS imagiegice, a new video projection optics system is
presented, featuring extremely short throw distahigh compactness and wide angle projection.

1 INTRODUCTION

The design of imaging optics is a centuries-oldnatth literally thousands of inventions patentddearly

all of these are combinations of flats and sphésudaces, due to their relative ease of manufedtl.
Surfaces with substantial departure from spheriityknown as aspherics, but aside from known iguart
shapes such as the ellipsoid and the paraboloid thas little use of aspheres until the twentiethtary,
when advances both in theory and fabrication teldgyobrought them into prominence. Aspheric
surfaces can advantageously substitute for mulpleerical surfaces, resulting in less costly desjic
even if a single asphere is more costly than arspf}. With the advent of injection-molded plasti
optics and precision molded glass optics, asplearesed the optical-technology mainstream.

Applications of aspheric optics fall into two cabeigs, imaging and non-imaging. Non-imaging optics
concerned with illumination and the distributionaytical power, with the defining constraint beithg
behaviour of only the outermost rays (called edays) of a flux distribution [3]. Imaging optics,
however, is concerned with the spatial modulatibflix, having the goal of reproducing a particular
flux distribution (the object) at another locatifthe image). Nonimaging optical design need oaket
care of the edge rays, a relatively small portibalbrays, but an imaging system must send al rtay
their appropriate destination, as parameterizedhleysystem magnification m. A ray originating at
coordinate point (X,y) on the object must arriveret image coordinate (mx, my). This is knownlas t
image-mapping requirement. In the real world cdigimg, each point on the object typically radidhes

in all forward directions i(e.,, nearly hemispherically) and practicality demarttlat a significant
percentage of this flux reach the proper imagetpaiith little or none going anywhere else on thege
plane, once it enters the optical system apertuta.the world of theory, however, many asphessign
procedures hold only when rays hitting a surfadgend only a small solid angle, near the surfacena
and relatively parallel to the optical axis. Thignables approximate aberration coefficientsetoapidly
calculated for aspheric surfaces in design optitiina

Attaining perfect image mapping for every objecinpavould theoretically require an infinite numbefr
surfaces, but with a limited number of surfaceatesbf-the-art techniques define a merit function t
evaluate deviations from ideal imaging, in ordemtiaimize loss of image formation over sampled f®in
of the image plane.

A general difficulty with aspherics is that theyngeally do not have a closed-form solution for ray
intersections, unlike the algebraic ease with wihitlrsections are calculated for flats, sphered, the



other quadric surfaces (torus, cylinder, ellipsqdraboloid, adn hyperboloid), enabling optimaligies
to be derived just with a formula. Aspherics imgel, however, generally require a computationally
intense iterative search that closes in on theiggdntersection

State of the art imaging optics design is done e@imization techniques using a parametric
representation of a selected group and type otalpsiurfaces. A merit function of those parameters
defined and the search for the optimum of the nferiction is done by a computer-aided multiple-
parameter algorithm. The implementation of thisoathm may be based on different techniques, as
damped least-square methods, simulated anneakmgtig algorithmsetc. However, the differentiation
between a local and the global optimum is not guaesd, and the optimization’s success depends upon
the particular mathematical representation chosepécify the surfaces. Moreover, usually theropin
found is not too far from the initial guess of tthesigner, so that solutions far from that guessnate
accessible in practice. The only cases in priomdr¢re no optimization is done is based on problems
stated in terms of ordinary differential equatiofighis is the case of the single-surface desigmsduide
axial stigmatism (that is, correction of spheriaderration of all orders), such as Cartesian owvals
Schmidt correctors, and the case of the two asphariface aplanatic designs, such as those by
Schwarzschild in 1905 for two mirrors [4].

2. SMSMETHOD FOR IMAGING OPTICS

The present paper presents a new version of thatsimeous multiple surface (SMS) method [5], which,
in contrast to the prior art methods, can direchfculate multiple rotationally symmetric aspheric
surfaces, without restriction on their asphericityd enables designing with not only with meridiaps

but also with skew rays. An advantage of designiith skew rays, or a combination of meridian and
skew rays, is that the design ray-bundles can hesgaced in the phase space, which confers better
control of the imaging quality.

The SMS design procedure involves the simultangooist-by-point calculation of N rotationally
symmetric aspheric surfaces, with the conditiort NMainiparametric ray bundles (previously seledigd
the designer at the input side) are perfectly irda@® ray-aberration for those rays). Each bundlebe
described by expressions such as x=8(t,y=y(t, &), z=z(t, &), where t is the parameter along the ray
trajectory and is the parameter across the bundle. For eacle vl this expression defines a straight
line (a light ray trajectory).

The design strategy described herein consistsléttsgg the uniparametric ray bundles at the irgudh
that a proper sampling of the phase spaeg §patial-angular space) at the object is produerpecting
that the perfect image quality for those rays wilbvide sufficient image quality of the remainirays,

by proximity. In general, how the bundle of raygsnbehave at the output side is not known in ackan
but it is determined during the design, as a raduitnposing the condition of zero ray-aberration the
selected rays. The selection of the ray bundleghi® design is done by the designer to best nieet t
design criteria. For instance, at the input sifithe object is small compared to the input puthig ray
bundles are selected such that the each unipaiamayr bundle departs from a different point of the
object . In the dual case in which the input pupibmall compared to the object, the ray bundles ar
selected such that each uniparametric ray bundiggptmwards a different point of the pupil. Thes®
cases can be referred to as object and pupil dzatien, and are just extreme cases of possitdtadp
angular selection of the uniparametric bundles. Bhedles that are going to be used here constitute
examples of input-pupil discretization at the objsicle (all rays in each ray bundle point to diéfer
points of the pupil). For greater clarity in thepanations, the pupil is located at infinity in thigures of
the following paragraph (so the system is teledeatrthe object side) and thus all the rays belantp a
single bundle are parallel.



3. DESIGN OF TWO SIMULTANEOUS SURFACES
WITH TWO BUNDLES OF SKEW RAYS

Let us consider an optical system (see FIG. 1)hhatcircular symmetry (in cylindrical coordinate9,

z, where the z axis is the axis of symmetry andohtecal axis of the system). The object planatiz=0
and image plane is at z=z'. The optical system istmgssentially of two aspheric surfacesad $ to
be calculated, and several intermediate known sesfa In general, the number of intermediate sasgac
may independently be 0, 1, or more.

intermediate
surfaces

image
plane

FIG. 1. Layout of a generic optical system withtémmediate surfaces between the calculated surfaces
and the object and image planes.

FIG. 2 shows the starting conditions of a processtfe design of the two optical surfaces S with two
bundles of skew rays in a rotationally symmetritia system. Uniparametric design bundlas N,
N’; and N3 formed by skew rays will be used. The bundlgsahd N’ are respectively symmetrical to
N, and N relative to XZ plane. Bundles Nand N, cross object plane and are given whilg ahd N,
cross image plane and are initially unknown.

In this case, rays (except rayg) are not contained in a meridian plane. Rays bleédng to bundle N

are parallel to plane XZ and exit from points ¥, 0), where( is the bundle parameter, angliy a real

number. Thus Cartesian coordinates will be usstkad of cylindrical. The object plane is at z#@ a
the image plane is at z=z’. Designate the twoas@s to be calculated asa&d $. Points Q(x, y, 0) on
the object plane and points Q'(x’, y', ') on thmdge plane scale as X’ = m-x, y' = m-y, where thés

magnification of the optical system.
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FIG. 2. Initial seeds for the calculation of twausfaces with two bundles of skew rays.

The calculation of surfaces 8nd $starts with two initial seed points. Define seeihpA; o as a point

on surface Sat a defined distance from the axis with a knowmmal vector to surface,S Definev, o as
the meridian ray of bundle ;Nemitted from a point € (0, 16 0) on the object plane and crossing
surface $at point A o Calculate the deflection of ray, at point A o using the known normal vector.
Identify the point Ao as the point on surface, &long the path of,, after it is deflected at £
Alternatively, choose the point,pas a second seed point, and calculate the notmalyaso that the ray
vi0is deflected to A, The normal vector to surfacg & Ay is calculated such that the ray deflected at
A, will intersect the image plane at a given point Qielated to @y by the abovementioned
magnification m.

The calculation of the first portiong Sand S, of surfaces Sand $ is shown inFIG. 3. Consider an
incremental offsebx parallel to the x-axis relative to the previousigiculated point &, (0, Y10 0),
defining a new point € (6, Y10 0). The correspondent image point ig Q(m x, m y; o, 0). Due to
the system’s rotational symmetry, rays; andv,; have the same skew-invariant. Point; Aplaced
along the ray belonging to bundle; Emitted from point @;) and point A, (placed along the ray
belonging to bundle N'that arrived at point Q3) will be calculated at the same time by the retsmuof
a system of three differential equations: the #tiation states the condition upon the tangestidace
S, that has to be an unitary vector. The secondtladhird equations give the conditions that fast
second surfaces have to be, respectively, consistéine surface normals at pointg.Aand A ;.
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FIG. 3. Calculation of the first points of two sfaces with two bundles of skew rays.

FIG. 4 shows the repetition of the step above using #ieutated points £, and A ; and another ray
from bundle N to calculate new points;A and A, and so on, going through all the rays of bundle N
that cross the object plane.
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FIG. 4. Continuation of the design of two surfaceswith two bundles of skew rays.

It seems that with one design bundégg( N,) we can calculate two optical surfaces, but ir fae are
using at the same time the other, and symmetriagdleuN, because we would have calculated the same
portions of surfaces;&nd S if we had used the other bundle. N\So hereinafter we can say that with one
skew bundle of rays (and implicitly with its symmieal bundles), we can design two optical surfaces

In these types of designs there is no need foexisence of a previously known portion of surfasea
basis to generate a new optical surface, sincevtbeoptical surfaces are generated at the same time
Therefore it only takes the choice of two initiakesl points to develop both optical surfaces. Tiwee



points are usually off-axis, and sometimes it isassary to define a portion of surface between eaeh

of them and the optical axis. These portions aofase may be prefixed by an interpolated surface or
generated using skew rays. When using skew rhgsmiethod described f&ilG. 2 to FIG. 4 may be
used, but first the surfaces must “grow” towards tptical axis by means of rays that will cross, fo
example, surface; &t a smaller radius from the axis than the injtiaiht A, ,.

4. APPLICATION OF THE SMSMETHOD IN IMAGING OPTICS:
PROJECTION OPTICS

These concepts comprise procedures to design baéeies for imaging applications, particularlydei
angle projectors. The following exposition relatgsnerally to image-forming optics and more
particularly to external aspheric optical mirraosbe adapted to an existing commercial projeck6. 5
shows the concept of how external optics is added tonventional projector to reduce drastically th
distance between a screen and the projector. Aexample, the horizontal projection distance can be
reduced to 20 to 40 cm for an 80” (2 meter) scidiagonal using this external optics. The anglevben

the optical axis of the mirrors and a line joinithg upper edge of the secondary mirror to the upgge

of the screen can be in the 70-80° range. In gétlegee may be an adjustable tilt between the aptic
axis of the projector and the axis perpendiculdh&screen (which is significant if the projectethge is

to be rectangular and not trapezoidal).
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FIG. 5. External SMS optic (right) allows a convénonal projector (left)to be nearer to the screen.
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FIG. 6. Design rays for external optic for projemts.

FIG. 6 shows a skew-ray diagram for one application ef$IMS method according EIG. 2 to FIG. 4
to the design of two simultaneous surfaces (twovernmirrors) with decentred pupil and positive
magnification.

The beam from a physical source pupil with edgefsait R and B corresponds to projector BiG. 5,
and is initially focused on virtual object with adge point at Q, corresponding to the conventisoaen
at a distance from the projectorkiG. 5. (The pupil is decentered with respect to thécapsystem and
the axis that passes through the centre of theigaiysupil, denoted as’Zis offset respect to the optical
axis Z inFIG. 6). The beam is to be redirected onto image surfaith an edge point at Q. The
surfaces of the primary mirror and the secondanyaniare built from skew bundles;Mnd N of rays
leaving, respectively, from edge pointséhd B of the source pupil in the object plane XY.
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FIG. 7. Frontal, lateral, and perspective views aftwo-mirror external optical system for a 80" men.



FIG. 7 shows respectively the front and side vidvar optical system for a projector that illumirete
screen at a short throw-distance and the exteptalsogenerated as in FIG. 6. The perspective ifie



FIG. 7 shows the optical system and projector &fierprimary mirror and the secondary mirror have
been shaped, omitting the parts that are not itoéaen’s path from the projector pupil to the scre€he
primary and secondary mirrors are shown “in airthathe two mirrors’ holders are omitted for the esak
of clarity, since their construction is completefynventional.

FIG. 8 is a photograph of the prototype of the afeentioned optical system. We have used a
conventional BenQ projector and adapted the externa optic of



FIG. 7, which has been manufactured by single pdiatnond turning. Low cost plastic injection
moulding is now in progress.

FIG. 8. Prototype of SMS ultra-wide-angle projeati mirror with conventional slide projector.



S. CONCLUSIONS

A new version of the simultaneous multiple surf@8®MS) method was presented. This method has been
used to design optical devices in the field of ImggOptics. Using two bundles of skew rays, a two-
mirror system for ultra-short projection has beesigned. The prototype of this system has been als
presented.

ACKNOWLEDGMENTS
The authors wish to thanks William Parkyn for tkedphin writing and editing the present paper.
LEGAL NOTICE

Method and devices shown in this paper are praddnyessued or pending US and International Patents

REFERENCES

[1] R. E. Fischer, B. Tadic-GaleBptical system design, McGraw-Hill, New York, 2000.

[2] G. Schulz Aspheric surfaces. In E. Wolf (ed.) “Progress in Optics XXV”, Els&ri Amsterdam [etc.]
1998).

[3] J. Chaves,Introduction to Nonimaging Optics, CRC Press, Taylor & Francis Group, Boca Raton FL
(2008).

[4] M. Born, E. Wolf,Principles of Optics, Pergamon Press, Oxford [etc] €orr. ed. 1987.

[5] R. Winston, J. C. Mifiano, P. Benitéignimaging Optics, Elsevier Academic Press, Burlington MA,
2004



