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Abstract. We describe a design for a modified, cat’s-eye retroreflector.
The design is catadioptric, containing a single concave mirror and sev-
eral lenses. This retroreflector design exhibits a unique combination of
performance characteristics. It is diffraction limited over a large field
angle while operating with a large aperture and numerical aperture.
There is little vignetting of the optical beam, even at large field angles,
providing good light return at all angles of incidence. It brings the light
beam to a focus and allows access to the light near the focal plane, thus
decoupling the size of the aperture from the size of devices used with the
retroreflector. This final feature makes the design appealing for use with
spatial light modulators, or other optical or electro-optical components.
© 2002 Society of Photo-Optical Instrumentation Engineers. [DOI: 10.1117/1.1483881]

Subject terms: cat's-eye retroreflector; optical system design; wide-angle lens;
aspherics.

Paper 010206 received June 19, 2001; revised manuscript received Jan. 4, 2002,
and Jan. 23, 2002; accepted for publication Jan. 23, 2002.

G. Charmaine Gilbreath, MEMBER SPIE
Naval Research Laboratory

Code 7215

4555 Overlook Avenue Southwest
Washington, DC 20375-5320

1 Introduction uniform across the entire beam of light, since all of the light

Retroreflectors are common components in optical systems.PasSing through the modulator at a given instant must be
By using three plane surfaces, the well-known cube-corner modulated identically. This leads to challenges in the fab-
reflector is constructed. An alternative is the cat's-eye ret- rication of the light modulators. It also leads to constraints
roreflector, which consists of a lens with a primary mirror ©On the speed at which the system can send data, as the
at the focus of the lens, or of two mirrors, with the second- €ntire surface area of the modulator acts on the entire beam

ary mirror at the focus of the primafy? These two alter-  Of light. Alarger surface area for the light modulator leads
natives are illustrated in Fig. 1. The most significant differ- t0 & lower data transmission rate, since the modulator is RC
ence between the cube-corner and cat's-eye designs is thaimited and the capacitance goes as the area.
the light entering the aperture of the cat's-eye reflector is The cat’'s-eye retroreflector addresses these difficulties.
brought to a focus, typically at a reflecting surface, while First, the spatial light modulator as a whole can be smaller
the light traveling through a cube-corner reflector is not. than the aperture of the retroreflector if it is placed advan-
This difference can be significant in a variety of applica- tageously within the optical system. The overall size of the
tions. In high power applications, one may wish to avoid modulator is then dictated primarily by the chief ray of the
bringing an intense beam of light to a good focus. How- System, that is, by the desired field of view, while the de-
ever, in certain situations the ability to focus the light, and mand on the overall size of the modulator due to the axial
then to be able to access that light at or near the focus, canfay of the system is quite small. Second, only a small por-
be highly advantageous. tion of the light modulator will be used at any given time if
An example of a system that requires a cat’s-eye retrore-it is placed near the focal surface in the retroreflector. With
flector is a modulating retroreflector. The modulating ret- the proposed design, the light entering the retroreflector at a
roreflector is designed so that a fixed source sends out argiven instant will come to a focus near the modulator, so
unmodulated beam of light. The light is received by the the area of the modulator illuminated at a given time can be
modulating retroreflector, a signal is placed on the beam by quite small, on the order of a square millimeter. The spot of
means of an optical modulator, and then the light is re- light will, of course, move across the modulator as the lo-
flected back to the base. Such a system demands a fairlycation of the source moves relative to the reflector, but only
large aperture operating at a large numerical aperture toa small area of the modulator will be used at any given
collect as much incoming light as possible. Employing a time. By designing the modulator array to act as a photo-
cube-corner reflector in this system leads to the unfortunatedetector array as well, the driving circuitry can determine
requirement that the optical modulator be as large as thewhich region, or pixel, to address. This greatly relaxes re-
aperture of the retroreflector. Perhaps even more demand-quirements on the uniformity of the modulator, as the
ing is the associated result that the light modulator must be modulator can be broken into pixels, each of which is uni-
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Fig. 1 Basic cat's-eye retroreflector designs: (a) catadioptric system
with distance from objective lens to mirror equal to the focal length
of the lens, and (b) all-mirror system with the secondary mirror at the
focal plane of the objective mirror.

the fixed base changes relative to the retroreflector. The
clear aperture of the primary should be about 25 mm in
diameter, and the numerical aperture for the system should
be 0.25 or greater, giving an infinity f-number of no more
than f/2. The size of the primary is dictated by the need to
balance two demands. First, the retroreflector must collect
from, and return to, the fixed base as much light as pos-
sible. Second, the retroreflector must have a relatively small
overall package size and weight. The large numerical aper-
ture is motivated by the need to collect as much incident
light as possible. As will be seen, the large numerical aper-
ture also limits the required overall diameter of the modu-
lator to less than 15 mm, which is the maximum size of the
modulators available for this system. Finally, the intent of
the retroreflector is to give a uniformly strong return across
the entire field of view of the device. Care must therefore
be taken to eliminate any decrease in the effective numeri-
cal aperture at large field angles due to vignetting within
the system. It should be noted that the retroreflector is to be
used with a monochromatic light source, operating in the
near infrared at 980 nm. The fact that the retroreflector does
not need to be color corrected makes the catadioptric ap-
proach reasonable for the system.

form and can act independently of neighboring regions.
This ability to break up, or pixelate, the surface of the
modulator also allows for much higher data transmission
rates. Clearly, a cat's-eye retroreflector exhibits the perfor-

The work of Beer and Marjaniefhprovided important
information for the authors regarding the performance of
cat’s-eye reflectors. They determined that systems employ-
ing a parabolic primary and a spherical secondary provided

significantly better performance than systems consisting of
a primary and a secondary that were both spherical. The
advantage of the parabolic systems was not limited to the
] ) on-axis case, but was obvious at all fields of view. While
The literature related to cat's-eye retroreflectors is not ex- the work of Beer and Marjaniemi was on systems of two
tensive. Beer and Marjaniemi presented an excellent studymjrrors, we used their results as a starting point. In our
of wavefront error and construction tolerances for cat's-eye catadioptric system, we made use of one parabolic surface

received some attenticif. In the mid- to late-1970s, addi- The design of this cat’s eye retroreflector was executed
tional analyses of cat's-eye reflecting systems appeared, exysing a ZEMAX optical design program. The illustrations
tending and  building on the work of Beer and of the optical system and much of the analysis of this sys-
Marjaniemi>~" More recently, cat's-eye reflectors that are (em were prepared using ZEMAX. However, in describing
solid glass have attracted significant attention. These de-ine design of this lens, we attempt to use descriptions gen-

signs are based on a solid sphere of glass of a high refracgrg| enough so that a specific knowledge of ZEMAX is not
tive index;® or on hemispheres and spherical shells of required for a full understanding of our results.

glass cemented togeth@These designs have virtually un-
limited fields of view and are quite simple and stable. How- .
ever, they do not display diffraction-limited performance S System Design
and do not allow access to the near-focus region of the As stated earlier, a catadioptric overall system design for
retroreflector for the optimal placement of a light modulator the cat's-eye retroreflector was appealing in view of the
or similar component. It became apparent that a new designabsence of the need for color correction. The basic system
was necessary to meet the needs of the authors. is illustrated in Fig. 2. The objective consists of four re-
The requirements on the performance of the desired fracting elements, with the aperture stop between the sec-
cat’s-eye retroreflector are summarized as follows. The sys-ond and third elements. The secondary mirror acts as the
tem must bring all incident light to a focus before retrore- field stop in the system. A modulator inserted just in front
flecting the light, and allow components to be placed near of the secondary mirror would likely serve as the field stop
the focal surface. Hence, the air space in front of the mirror when present in the system. In designing the retroreflector,
must be large enough to allow the placement of the modu- the system was treated essentially as a telescope. That is,
lator, which is essentially a plane-parallel plate approxi- the retroreflector as a whole is an afocal system that will
mately 0.6 mm thick. The system must be diffraction lim- work exclusively at infinite conjugates.
ited over the full field of view. A fairly large field angle is A number of characteristics were incorporated into the
desirable, with the full field of view preferably being at design to minimize vignetting at all field angles. While a
least 30 deg. This large field of view ensures that the un- plane mirror would be desirable for use with the planar
modulated beam of light from the fixed source will still be modulator and for ease of manufacture and alignment, sys-
received and returned by the retroreflector as the position oftem designs incorporating a plane mirror suffer from ex-

mance criteria necessary in this application.

2 Background and System Requirements
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provides good performance at relatively large field angles,
up to 10-deg full field, their model did not account for
vignetting losses, rendering this approach inappropriate for
our system. Snydécarried out a simple analysis of a cat’s-
eye system and found that the field of view is maximized
when the radius of curvature of the secondary mirror is
equal to the focal length of the primary lens. For the case of
the thin lens objective that Snyder studied, this condition is
equivalent to requiring that the radius of curvature of the
secondary be equal to the distance from the aperture stop to
the secondary mirror. The result of Snyder’s analysis is,
then, consistent with the results of our design efforts to
provide high performance at large fields of view.

It should be mentioned that the feasibility of a telecen-
tric design for the objective was considered, since it offers
advantages for a cat's-eye retroreflector. A telecentric ob-
jective allows one to achieve retroreflection with a plane

Fig. 2 Basic Iay(_)ut of the catfs-eye retr(_)reﬂector design. The first Secondary mirror, and a p|ane mirror has the Strengths dis-
surfac_e of the first element_|s parabolic. All other surfac_es are cussed earlier. With the exception of small field angles,
spherical. The aperture stop is between the second and third ele- . . .

ments and the mirror is the field stop. The ray bundles passing however, vignetting losses more than offset this advantage.
through the system are for source points on axis and at a field angle An outgoing rim ray does not follow the incoming path of
of 15 deg. Notice that the extreme rim ray of the off-axis bundle is the other rim ray, and Significant |ight is vignetted, particu-
vignetted by the aperture stop as the light leaves the system. larly at the aperture stop. In trial systems tested, only 30 to

50% of the light incident at a field angle of 5 deg was
_ ) i o .. returned by a retroreflector using a telecentric objective.
treme vignetting at larger field angles, significantly dimin-  The ytility of a concave secondary mirror, centered on
ishing the light returned by the retroreflector. As one would he aperture stop of the objective, becomes clear in the
expect, the surface primarily responsible for vignetting is context of a telecentric system. The advantage of a telecen-
the aperture stop. We overcame the vignetting problem by tric objective and a plane secondary mirror is that the chief
using a concave secondary mirror. The concave Mirror ray ajways strikes the mirror normally. A concave mirror
forces the ray bundle to be more symmetric about the chief centered on the aperture stop also has this advantage. How-
ray at all field angles, limiting the vignetting losses. The eyer, the concave mirror also allows the rim rays to be
vignetting losses are most effectively limited if the distance eflected symmetrically. The angles of incidence of the up-
from the aperture stop to the mirror is approximately equal per and lower rim rays are approximately equal at all field
to the radius of curvature of the mirror. angles, not just on axis. The outgoing rim ray therefore

Rather than force a fixed separation between the aper-fo|jows the incoming path of the other rim ray and virtually
ture stop and the mirror given a radius of curvature for the ng jight is vignetted. In the system described later, over
mirror, or vice versa, we allowed the optimization routiné - gg 89 of the light entering the entrance pupil is returned by
in ZEMAX to choose the distance and the radius of curva- the retroreflector. Given the design process followed, we
ture, within constraints. We constrained the chief ray 10 refer to the system with a concave mirror centered on the
have the same angle incoming and outgoing, and to havegpertyre stop of the objective as “locally symmetric” or
zero height at the aperture stop as it left the system after«|oca|ly telecentric,” since it incorporated some of the ad-
reflection. Thus, the retroreflection of the chief ray forced \antages of a telecentric system while limiting vignetting.
the system as a whole into the desired configuration. In all  Fina|ly, root mean square wavefront error was chosen as
the designs that performed well, the radius of curvature of the figure of merit for system performance. This is appro-
the mirror is approximately equal to the aperture stop 10 priate for a retroreflector. A retroreflector should return a
mirror separation distance. For example, in the design de-yayefront identical to the initial wavefront along the angle
scribed in detail later, the ratio of the radius of curvature of qf incidence. In an afocal system such as this, wavefront
the mirror to the separation between the aperture stop anderror s a better indicator of performance than spot size.
the secondary mirror is 1.01.

Our choice for the radius of curvature of the secondary . .
mirror was driven by the desire for the system to work at 4 Description of the Design and Performance
large field angles, that is, at least 30-deg full field. Beer and ~ Critéria
Marjaniemt found a much different optimal solution by By employing the basic criteria described before to the de-
modeling a two mirror system with the secondary mirror sign of a cat's-eye retroreflector, several excellent designs
located at the focal plane of the primary mirror. In their were developed. One of them is illustrated in Fig. 2. The
model, the primary mirror is the aperture stop and the sec-ray bundles for an on-axis source and for a source at the
ondary is the field stop. They determined that the radius of maximum, half-field of view of 15 deg are illustrated on the
curvature for the secondary mirror, which minimizes wave- system. Note that an extreme rim ray from the off-axis
front error when using a parabolic primary mirror and a source is vignetted by the aperture stop as the light leaves
spherical secondary mirror, is 2.02F, where F is the focal the optical system. The retroreflector was optimized for op-
length of the primary mirror, and the distance from the eration at 980 nm. The radius, thickness, and glass infor-
aperture stop to the secondary mirror. While this solution mation is provided in Table 1. The radius of the aperture
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Table 1 Prescription data for the optimal system design. Surface 1 the secondary mirror is from the aperture stop, the larger
is parabolic. All other surfaces are spherical. Note that the thickness the modulator will have to be for a given field of view
information refers to the thickness after the surface of the same . . 9 . . )
number. While the system described here has a full field of view of
30 deg, designs for cat’'s-eye retroreflectors with a full field
Surface Radius of Thickness after of view up to 36 deg have been developed as well. The
number curvature, mm surface, mm Glass type design incorporates elements of reasonable thicknesses and
1 0724 - 786 Sehott KFS radii of curvature. The design also provides ample space in
' ‘ chott front of the secondary mirror to insert a spatial light modu-
2 —63.404 2133 Alr lator or similar device.
3 —41517 7.786 Hoya TAFD30 The overall system performance is excellent. Plots of
4 -86.211 3.101 Air wavefront error are provided at three field angles, on axis, 8
5, stop Infinity 6.489 Air and 15 deg, in Fig. 3. It is worth emphasizing that this
6 27.693 6.489 Schott SF18 wavefront error is the wavefront error of the final wave-
7 _169.05 2.656 Air front exiting the system. Hence, the exiting wavefront is
8 389.31 6.489 Schott very similar to the planar wavefront incident on the system.
KZESN2 The similarity of the incident and exiting wavefronts is the
9 _108.37 8.687 Air single most important figure of merit for a retroreflecting
10 31061 . . system. The wavefront error is largest at about 8 deg with a

peak-to-peak wavefront error of 0X.2This is well within
the nominal diffraction limit of 0.2k, which is beneficial
in tolerancing and the manufacturing of the optical system.
stop, surface 5, is 6.730 mm to yield an entrance pupil The low wavefront error provides excellent light return and
diameter of 16.2 mm. All surfaces are spheres except for is especially notable when combined with the near absence
the first surface, which is parabolic. of vignetting in the system. The system performance is en-
The focal length of the primary lens system is 40.4 mm. hanced by the flexibility of using high index glasses with-
The primary has a numerical aperture of 0.30 and an infin- out concern for dispersion.
ity f/# of 1.70. These values for the numerical aperture and  Tolerancing was carried out on the system by means of
the infinity f/# refer to the ray bundle that the primary fo- an inverse sensitivity analysis. It was found that diffraction-
cuses onto the secondary mirror. The retroreflector as alimited performance can be expected from systems that are
whole is, of course, afocal. The large numerical aperture is manufactured using reasonable tolerances, and this optical
desirable given the need to collect as much incident light as system is currently being manufactured. Several parameters
possible. The large numerical aperture is also key to limit- of the system were particularly sensitive to manufacturing
ing the diameter of the modulator to 13.8 mm by keeping errors leading to the degradation of system performance.
the secondary mirror close to the aperture stop. The fartherThe worst offenders as determined in the tolerancing pro-
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Fig. 3 Wavefront error as a function of aperture at three field angles for the optimal design. In this
design the first surface is parabolic. The aperture coordinates are relative and the scale for the optical
path difference runs from 0.2 to —0.2 waves. The field angles are 0, 8, and 15 deg. While rms
wavefront error is a maximum at 15 deg, the maximum peak to valley error is at 8 deg.
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Fig. 4 Wavefront error as a function of aperture at three field angles for the design using only spheri-
cal surfaces. The aperture coordinates are relative and the scale for the optical path difference runs
from 2.0 to —2.0 waves, an order of magnitude larger than the scale for the optimal design. The field
angles are 0, 8, and 15 deg. The rms wavefront error and the peak to valley wavefront error both reach
maxima at 15 deg.

cedure include the radius of curvature of the first surface of limiting field of view and aperture, respectively. Their con-
the system, the parabolic surface, the thickness of the firsttributions are followed by that of Petzval field curvature,
element, and the distance from the fourth lens to the sec-with much smaller contributions arising from coma and dis-
ondary mirror. It was also determined that the second lenstortion.

element and the secondary mirror are particularly sensitive  The importance of the single parabolic surface to this
to tilt errors. The seco_nq and third ele_ments and the sec-design is striking. By making use of all the techniques de-
ondary mirror are sensitive to decentering errors. scribed previously, a design was completed that is essen-

It is worthwhile to note the performance of the retrore- tja|ly identical to our optimal result, with one exception. In

flector with respect to various aberrations. It was absolutely the comparison approach, all surfaces were kept as spheres

essential to minimize distortion in this design as the wave- gnq the system was then optimized. The wavefront error as
front tilt caused by distortion rapidly degrades the effec- 5 fnction of relative aperture for the on axis, 8- and 15-deg

tiveness of the system as a retroreflector. That is, a nice flatfig| angle cases for this all-spherical design is illustrated in

wavefrlpnt is rt]r?t of r_?jucrtw |ysri Lfll:lf:esj itt ist.9°i!"9 along thﬁ Fig. 4. While the all-spherical result is only about five times
Same {in€ as the incident ight. The |soor lon IS very sSmall ,qrse than the system containing the parabolic surface at a
in this system, never exceeding 0.001%. Petzval field cur-go 4 anaie of 8 deg, the wavefront error is 18 times worse
Fesuit follows because the system of imerest is essentialy a2 25 and 27 imes worse at the maximum fild ange of
; g . 15 deg. Given the requirement of diffraction-limited perfor-
telescope with no magnifying power, and Petzval field cur- . . ~ .
vature can be minimized by minimizing the power of a (rjneasr;gﬁ, the parabolic surface is a key characteristic of this

telescopé?! This circumstance is one of the few situations . .
b We should note that our choice of a parabolic asphere

in which the inherent performance demands for a retrore- dictated by th d an h ted
flector coincide with conditions that optimize performance. Was dictated by the end user of the system who wante
only a single parabolic asphere in the system. This require-

The fact that this is a double-pass system also aids in con- S ; . .
trolling distortion and coma. While this double-pass system ment was based primarily on manufacturing considerations.

is not symmetric about a central stop, it is symmetric about While our final system was therefore constrained to contain
the secondary mirror, which does not eliminate distortion @ parabolic asphere, we also explored the possible utility of
and coma, but does limit it. Astigmatism is the limiting Other aspheres in the design. We completed optimizations
aberration with respect to field of view. The use of the Of systems in which the conic constant of the asphere was
parabolic surface helps to limit the spherical aberration and allowed to vary. We found that systems containing elliptical
coma. However, spherical aberration is still the limiting aspheres, with conic constants betweed.41 and—0.46,
aberration as the numerical aperture increases in sizeprovided the best overall system performance. The systems
Astigmatism and spherical aberration are the largest con-containing elliptical aspheres maintained all desired perfor-
tributing aberrations, consistent with the roles they play in mance criteria, such as limited vignetting, a large field of
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