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CO\ICEN:I'RATI NG AND COLLECTI NG OPTI CAL SYSTEM US| ‘NG CONCAVE T DAL

REFLEGNOR®/031PD OF, THE- | NVENTI ON This invention relates tbh B R,

cokt ect’i ng and condensi ng.iel ectromagnetic radiation, particularly a system

for providi.ng a high radiance to a small target- such as an optical fiber.

BACKGROUND COF THE | NVENTI ON Convent i onal ql | ecti ng and condensi ng desi gns

for el ectromagneti.c -radi ati on enphasi ze co™ ecting and redirecting the

maxi mum amount of |ight froma source of radiation, approximted by

' CONCENTRATING AND COLLECTING OPTICAL SYSTEM USING
CONCAVE TOROIDAL REFLECTORS

FIELD OF THE INVENTION 5l

This invention relates to systems for cqllecting and condensmg
electromagnetic radiation, particularly a system for providing a high
.l;ad'iance to a small target such as an optical fiber.

Y

'BACKGROUND OF THE INVENTION

Conventional collecting and condensing designs for
N electromagnetic radiation emphasize colléctii\g and redirecting the
maximum amount of light from a source of radiation, approximated by
a point source. To produce a small spot size based on these designs
results in a decrease in radiation flux because conventional design:
| (i.e., the collection and redirection of the maximum amount of light)
0 inherently conflict with the goal of concentrating the radiation flux
into the smallest possible spot size when the radiation originates from
conventional incoherent sources. Thué, images of small spot size may
be obtained only by a corresponding decrease in flux density. '
Y |
There are two basic optical designs in common use for
cbllecting and condensing radiation. The first is a syétem of condenser
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a poth"’source. To produce a small spot size based on these designs results
in aidecre%z in radiation flux because conventional desP&REUFE3/@1124¢ he
co_I_Tég}o’Qﬁlﬁo d redirection of the maxi mum anount of light) inherently
conffict with the goal of concentrating the radiation flux into the

smal [ est possible spot size when the radiatiaon originates -fromconventi onal
I ncoherent sources. Thus, images of snall '7-Spot size may be obtained only by
a correspondi ng decrease in flux density. There are two basic optical

gegi gns in Comi%{heg%ﬁcﬁ% flaktratdd HOFtenCondenser Retises have séberali rst is
ystem of condenser ' .

- problems which include creation of chromatic and spherical
aberrations, relaﬁveiy high cost, inheréntly d1fﬁcu1t alighmexit, and
large amount of space. Ellipsoidal reﬂectérs as shown in Figure 2 are
also used in prior art systems. Their problems also include high cost
and an unavoidable magnification of the image (i.e., a reduction in the
flux density}. Both of these systems tend to emphasize redirection of
the maxxmu.m amount of flux from a pofnt source at the expense of the (\

y _ flux density, as discussed above.

USS. Patent No. 4,757,431, the embodiment of which is
incorporated herein by reference (Figure 3), describes an improved
condensing and collecting system employing an off-axis spherical
concave reflector which enhances the maximum flux illuminating a
small target and the amount of collectable flux density by a small target.

~ The off-axis spherical concave reflector described in this patent has
certain disadvantages, namely, astigmatism pérallel to the direction of
‘the off-axis displacement and the physical limitaﬁdns inherent in the
requirement to minimize this distance. The effect of astigmatism is to
decrease the cbncentrating efficiency of the system and thereby reduce
‘the flux collected at a target. The requirement to minimize the off-axis

- - distance between the source and the target (i.e., minimize astigmatic
distortion), imposes limitations on the physical dimensions of a source
and target of the described embodiment. The teachings of the use of a

deformable spherical concave reflector does not lead to the use of a

_——-—-—————_-—"__—_.__-—_——__—___—
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Iense#uch as illustrated in Fi gure 1. Condenser. |enses have several
probl ems which include creation of chromatic and spheri cBCHUSBATNThs,

refati v&by/okﬂﬁgh cost, inherently difficult alignnent, and | arge anount of
space. W&/ |'i psoi dal reflectors as shown in Figure 2 are also used in prior
art systenms. Their problens also include high cost and an unavoi dabl e

magni fi cation of the image (i.e., a reduct¥on in the flux density). Both of
"these systens tend to enphasi ze redirection of the maxi num anmount of fl ux

froma point sour C'%a? treﬁggo? ﬂ%ﬂ?ﬁ o ﬂé}ﬁendicular and unequal radii of

torol

curvature.
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flux. densfty, as discussed above. US. Patent No. 4,757,431, the enbodi nent
of which s incorporated herein by reference (Figure 3), deSGT/HEW/AH24

i mpr oved-;g(?ijﬁPng and col |l ecting system enpl oying an off-axis spheri cal
concave ector which enhances the maximum flux illumnating a small
target and the anmount of collectable flux density by a small target. The
of f-axi s spherical concave.refl ector descri b& in this patent has certain
di sadvant ages, nanely, astigmatism parallel to the direction of the

of f-axi s di spl ace YtbP PEE INVENTIONat i ons i nherent in the

requirement to m A .this distance. The effect of astigmtismis to
“The .p.resent invention represents ﬁn improvement over the

gyshem disclosed in U.S. P--atent No. 4,757,431 in three ways: (i) it |
enhances the concentration and collection of radiation emitted by a
point-liké source of electtomagnetic radiation into a small target; (i) it
increases the collectable flux into a small target, and (iii) it improves
the .collectio_n and coupling efficiency between a source of
electromagnetic radiation and a small target for any "off-axis optical

- system” as descﬁbed in US. Patent No. 4,757,431, particularly in the
reduction of the preferred embodiment into practical systems.

To achieve these and other objectives, the present invention
employs as the priméry optical element a concave reflecting surface
having different radii of curvature along two orthogonal axes (i.e., a
toroidal reflector), a source of electroﬁlagnetic radiation and a target
(i.e., an optical fiber). The source and target are located at similar
P  distances on opposite sides of the optical axis of the system which is
defined as the optical axis of the concave toroidal reflector (the "off-axis
reflector”). For concentrating maximum flux density at the target, a
re&&;eﬂedm, preferably of toroidal design or alternatively of spherical
design, is located behind the soﬁrce to reflect and re-focus radiation
from and back through the source onio the toroidal reflector. The |
retro-reflector togefher with the off-aiis toroidal reflector act as a

system for maximizing the collectable flux density of radiation

. ______—___________________"__.
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ease the concenf rating efficiency of the system and t heE t he
col | g;ogxwat a target. The requirenent to mnimze the Oﬁé_%@gi?

di sk an etween the source and the target (i.e., mnimze astignmatiec :
distortion), inposes limtations on the physical dinensions of a source and

t arfget of the described enbodi nent. The t.ea'g_hi ngs of- the use of a

defoor mabl e spherical concave reflector does not lead to the use of a

toroidal reflector having two perpendicul ar and unequal radii of

: concentrated at the target. The system substantially improves the

coilectable’ radiance at the target in two ways: (i) the toroidal design of
the reflectors substantially corrects for astigmatism caused both by the
off-axis geometry and glass-envelope of typical electromagnetic
radiation sources such as an arc lamp and (ii) the retro reflector
increases the effective brightness of the radiation source. The

maximum optical efficiency of the system is obtained by optically

- " matching the reflectors and target, while the maximum flux density at
' b the target and, in particular, collectable by an optical fiber as the target,

is obtained both by maximizing the system efficiency and optically

- matching the source, reflectors, and target. Whereas prior art teaches
the use of ellipsoidal reflectors "on-axis" or deformable spherical |
concave reflectors "off-axis," in practice the use of aspheric mirrors is
expehsive. A significant advantage of the prgéent system is the use of
very inéxpensive aspheric mirrors, toroids, to concentrate light at a

target in which the collectable flux density at the target is insensitive to

~ the surface quality of the mirror.
T




SUMVARY OF THE | NVENTI ON The present invention represents an
g1 the systemdisclosed in U S. Patent No. ®OHUSISM7IN three

radi ati on emtted

I nprgvenent
ways i MQM’P enhances the concentration and col |l ecti on of _
by a point-like source of electromagnetic .radiation into a small target;
(i) it increases the collectable flux into a small target, and (iii) it
| mproves ' £ , .
BRIEF DESCRIPTION OF THE DRAWINGS
Figure 1 is a schematic illustration of a prior art condenser lens
system. ' '
~ Figure 2 is a schematic illustration of a prior art ellipsoidal lens
system. o
j Lo
| ._ | | | ,
‘ ~ Figure 3a is a schematic illustration in the x-z plane of a prior
P _ art system employing 8 spherical reflector. '
| ..
Figure 3b is a schematic illustration in the y-z plane of a prior
5 “ art system employing a spherical reflector.
Figure 4a is a schematic illustration in the x-z plane of the
present invention. o
~ Figure 4b is a schematic illustration in the y-z plane of the )
’ present invention. '

Figure 5 is a coordinate system of the embodiment of the

present invention.
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the fcol | ect | g9and coupling effici ency _bet ween a source ofp@i-@gggwe_t ic
r adifat 944 a small target for any "off-axis optical system as described-
in"BS. "Patent No. 4,757,311, particularly in the reduction of the preferred
enb@di ment into practical systenms. To achieve these and ot her obj.ectives,
the!present invention enploys as the primarg optical el enent a concave
reftecting surface having different radii of curvature along two orthogonal

axes (i.e., a toroidal_reflector), a,source,of elgectromagpetic.radiation
and:a target (i.e., anFigure6a/ism fmy diagram ﬂﬁ&%&qggé@mﬁr‘g‘Q%cat ed at

simlar distances on opposite sides ,of ,the.gpt,ical axis of e system whi ch
is i 1ocationsp Or a concave sphem:at.l1 reﬁgctqrefo maximize é\g y

concentration and collection of radiation at a target.

" Figure 6b is a ray diagram illustrating the optimum image
locations for a concave toroidal reflector to maximize the concentration

| ' . and collection of radiation at a target. Note that the _result of having

( " two radii of curvature to compensate for optical aberrations nearly
o ' cona{pses It and 12 in a theoretical sense into the c_:irde of least
# | confusion. In a practical sense, I1 and I7 are at the circle of least

confusion (see Figure 6a) and th.e size of the image at the circle of least
confusion is larger than that of the source depending on the extent to
which the toroidal design is optimized.

Figure 7a is a schematic illustration of the optical configuration
of Figure 3a expanded to include two off-axis and two secondary retro-

— ' reflectors.

P o _. Figure 7b reduces the two secondary retro-reflectors of Figure

| 5a to a single nearly hemispherical reflector having two radii of
curvature in orthogonai planes unequal (toroidal) or equal (sphericai)
depending on the source.
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defined as_t tical axis of the concave toroidal reflect '
"of f - axi BVQ%‘{}&!J or"). For concentrating maxi mum fl ux densi %Céwﬁ@nu
target, a retro-reflector, preferably of toroidal design or alternatively
of spherical design, is |located behind the source to reflect and re-focus
radi ati on from and back through the source ongo the toroidal reflector. The
retro-reflector together with the off-axis toroidal reflector act as a
system for maxim zing the collectable flux density of radiation

Figure 8 is a schematic illustration of the optical configuration

in which the reflectors and source are assembled and substantially

fabricated as one self contained unit.

Figure 9 is an extension of the invention to include four targets
coupled to the electromagnetic radiation source by four off-axis toroidal
reflectors. |

e At — —--‘1
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concergated at the target. The system substantially inproves the . _
col legtabl e nafgance at the target in two ways: (i) the torpCualssdesiign of
the r fI@oﬂ rs substantially corrects for astignati smcaused both by the
of f-afis geonetry and gl ass-envel ope of typical electromagnetic radiation
sourcgs such as an arc lanp and (ii) the retro reflector increases the
effecfive brightness of the radiation sourceg The maxi num opti cal
efficjency of the systemis obtained by optically matching the reflectors

partirurar | ol | RESATEED BERCRIPIOR PRI RVENTICH. ™ bt ai ned botn

by Xximzing the systemefficiency and optically

e e e

- In the following description, for purposes of explanat’ ::: and
not limitation, specific details are set forth, such as particular numbers,
dimensions, optical components, etc. in order to provide a thorough

understanding of the presenf invention. However, it will be apparent

' to one skilled in the art that the present invention may be practiced in
other embodiments that depart from these specific details. In other

instances, detailed descriptions of well known devices and techniques
are omitted so as not to obscure the description of the present

invention with unnecessary detail.

A condensing, collecting, and concentrating optical system
built in accordance with this invention consists of three main .
| components (Figure 4). The fourth, a retro-reflector, is optional, but

improves performance.

i 37 (1) Source. An opﬁcal point source of electromagnetic
P radiation. In the context of this invention, a point source is any

. compact source of electromagi\eﬁc radiation whose angular extent is
 small and emits flux into 4 stearadians. Typically, the linear angular
size of such a source is no more than 0.1 radian. For example, a typical
source may be an electric arc lamp with an arc gap of approximately 1
mm placed in front of a concave reﬂectbr at a distance of approximately

50 mm. In practice, such a source is an extended source. In the
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t he source, reflectors, and target. \Wereas prior art teaches the
elli ps% ref | ectors”"on-axis" or defornabl e sphePCTalSI300M2Yye
ctw axis," in practice the use of aspheric mrrors is

nsive. A si gnlflcant advant age of the present systemis the use of very
i nexpensi ve aspheric mrrors, toroids, to concentrate light- at a target in
vx/m(h the collectable fl ux denS|ty at the tifffget is insensitive to the
surface quality of the mrror.

. preferred embodiment, this is a compact xenon arc lamp with an arc

o " gap<1 mm and a quartz lamp envelope or ceramic enclosure with a
quartz window. However, any Soﬁrce of electromagnetic radiation
which is of similar size to or smaller than the target may be used (e.g.,
fiber, filament lamp, gas dis-charge lamp, laser, LED, semiconductor,

. efc). The size of the electromagnetic source here is better defined by

 the 1/e intensity of the intensity contour map which characterizes the

_ brightness (flux density 6ver angular extent) of the source. Brightness

| js related to the size of the arc gap and determines the theoretical limit |

. of coupling efficiency. For the specific case of an arc lamp, the contour

approximates axial symmetry and is a complex function of electrical -

rating, electrode design and composition, gas pressure, arc gap size, and

_ gas composition. For the specific case of an arc lamp having an

, | aspherical curved envelope, the effective relative position and

‘ - ihtensity distribution of the source imaged by the reflector undergoes

aberration. This is caused by the shape of the envelope which

essentially functions as a lens and requires a compensating optical

\ - element. Optical compensation can be achieved either by modifying
F . _ the design of the reflector to compensate for the astigmatism caused by

the envelope or by inserting a correcting optic between the off-axis
reflector (see below) and the target. Additionally, optical coatings can
be applied to the envelope to minimize Fresnel reflections and thereby
maximize collectable radiation at the target or to control and/or filter
the radiation flux. : |

————
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SCRI PTION OF THE DRAWNGS Figure 1'is a schematic illustration of a

BRI E

priorfart }agmnser | ens systém Figure 2 is a schematic i|PEUSYUS9HORAd of a
priorg ap0’ellipsoidal lens system Figure 3a is a schematic illustration in
the ¥z plane of a prior art system enploying 8 spherical reflector. Figure
3b ig a schematic illustration the y-z plane of a prior art system

enmpl ¢yi ng a spherical reflector. Figure 4alts a schenat ic illustration in

-z plane of the .
(2) Reflector. The reflector (off-axis) reflects and focuses

elecb:oinagneﬁc radiation from the source onto the target. Its optical
axis defines the Z axis of the system, relative to which both the source
and target are off-axis. In the context of.this invention, the reflector is a
portion of a tbroidal reflector concave relative to the source, the exact

' design and placement for ﬁrhich depends on the characteristics of the

.! ~ source and the target. In the preferred embodiment of this invention,

' its exact design dei;ends on the characteristics of the source and the
target. These characherisﬁc.s-are as follows: for the target (i) size, (i)
shape,' (iii) off-axis displacement (see Eelow); and (iv) for a fiber optic
target, the numerical aperture, diameter, and angle of the proximal end
relative to the off axis reflector, defined as the angle between ﬂme
transverse and longitudinal axes of the fiber; for the source, (i) size and

Y ———
s

brightness, (ii) effective numerical aperture, and (iii) astigmatism
caused by the source envelope or enclosure if present. Optical coatings
* can be applied to the surface of the reflector to eﬁhance reflection or to
control and/or filter, the radiation flux. Additional astigmatic
correction can be accomplished with a lens or tilt plate inserted

between the reflector and target, with or without optical or dielectric
coatings.

(3)  Target. The target is a small object which needs to be
 irradiated or illuminated with the highest flux density electromagnetic
radiation possible. In the preferred embodiment, it is a single optical

fiber with a diameter near 1 mm or smalier. 'I'he properties of the

- This Sheet Has Been RTlaced




i nvention.

Figure 4b is a schematic i'I | ustrat i- on in they-z plane
pre }39159| nvention. Figure 5 is a coordinate syst emPlﬁ‘r/nggg,ﬁq?odl ment
odéent invention. -7- Figure 6a is a ray diagramill ustrat | ng

bt I mum i nage

-12-

optical fiber, diameter and numerical aperture, must be matched to the

optical characteristics of the system consisting of source and reflector.

- The efficiency of collection and transmission can be enhanced or

controlled by édding optical preparations to the input end of the fiber.
Alternatively, the target can be a single optical fiber or a grouping of

_ optical fibers having similar or dxssu'mlar shapes, sizes, materials, and

numencal apertures and arranged either symmetrically or '
asymmetncally. The end(s) of the fiber(s) is (are) typically flat-polished,
perpendicular to the longitudinal axis (axes) of the fiber(s); hOWevef,
the end proximal to the reflector can be poiished at an angle (i) to
compensate both for the asymmetric image of the élecfromagnetic
radiation sburce, such as an arc lamp and for as,tigma_tisiﬁ in&qdpced
by the off-axis geometry and lamp envelope, (ii) to modify the relative |
numerical aperture of the fiber to the optical collection system, and (iii)
to adjust for the relative anglé of the longitudinal axis of the proximal
end of a fiber optic target relative to the optical axis of the system.

(4) Retro—reﬂeéto_f. A retro-reflector reflects and 're-focus_es-
radiation ffom and back through 8 somée, effectively incfeasing the
brightness of the source by overlaying an inverfed intensity
d.is-tribution- of radiation onto the origin_.al source. In the preferred

- embodiment of this invention, the retro-reflector is a portion of a

toroidal reflector concave relative to the source. In an alternative
embodiment, the retro-reflector is a portion of a spherical reflector. Its
exact désigns depend on the shape and size of the source relative to the

T




tion

he!or esul

a concave spherical reflector to maxim ze the concentrati
of radiation at a target. Figure 6b is a rayrAiRaY)

4
t| n& %d"le optimum i mage | ocations for a concave toroldal reflector

e concentration and collection of radiation at a target.
t of having two radii of curvature to conpensate for opti

aberrgations nearly collapses I[err] and I[jgrr] in a theoretical sense i

rcle of

| east confusion. In a practical sense, I[err] and I[err]

on -

Not e
cal
nt o
are

at tife circle of |least confusigon (see Figure 6a) and.the SI S%ﬁ{-" t he .i mage.

at t#e ci rcle qizd ofathe E‘F"L@F‘érﬂ‘iesﬂ% aperhane s thercasg o

gr.optic

target) and the aspheric correction necessitated by the source envelope,.

if any. Additionally, ophcal coatings can be applied to the surface of the
retro-reflector to enhance reﬂechv:ty, or to control, filter, and/ or

attenuate radiation flux.

 Figures 4a & 4b illustrate an idealized conceéntrating and |
collecting system according to the present invention. On opposite sides
of the optical axis O of the system are a soﬁrce SO and target T each
displaced a distance yO from the optical axs, defined by the center of
curvature and optical axis of toroidal reflector M1 (off-axis reflector).
(The optical axis of a toroidal reflector is defined as the normal to the
perpendicular intersection of the radii of curvafure.) Also, a retro-
reflector M2 is located behind the source SO with the source ata -
distance approximately equal to its radius of curvature. Although the
preferred embodiment indudeé this retro-reflector for maximal
concentration of radiant flux density, it is not essential for condensing,

concentrating, and collecting radiation at the target.

As shown in Figure 4, the off-axis displacement, yO, is equal for
-a source SO and target T. In the reduction to practice of the present
invention, the off-axis displacement of the source may be d.ifferent
from that of the target. For the latter, the effective optical axis of the
system will lie between the target and the source and may be different
from the optical axis of the reflector. The exact location of effective

Sheet Has Been RTlaced
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on the extent to which the toroidal design is optimzed. Figure

schemat ic illustration of the optical configurati Pg?.ﬁe%dé &Jre 3a
msﬂiﬂ:l ude two off-axis and two secondary retro- Gy 24 gure

the two secondary retro-reflectors of Figure 7a to a single

y hem spherical reflector having two radii of curvature in orthogonal

~ system optical axis in this case will depend on t_he numerical aperture
of the target and the effective humeric;al aperture of the reflector.
When the optical axis of the off-axis reflector is not an exact description

- of the system optical axis, the effective optical axis of the system is
" determined from a proper matching of the numerical aperture of the
source to the effective numerical aperture of the reflector and the-
numerical aperture of the target. The effective numerical aperture of
* the reflector will differ from the theoretical numerical aperture if that

bortion of the reflector actixaily used to condehse_and concentrate light

~within the acceptance angle of the target is sinalle; than the full
'aperture, A1, in Figure 4. For systems in which the numerical aperture
of the target is less than that of the off-axis reflector the effective
numerical aperture of the reflector will be less than its theoretical
nuﬁeﬁcﬂ aperture. |

It will be observed that the geometry of the system illustrated
in Figures 4a & 4b is quite similar to that which is disclosed in U.S. =
~ Patent No. 4,757,431, Fxgures 3a & 3b, shown here for companson. As
explained in that patent the use of a spherical reflector imposes the
restrictions that the square of the off-axis distance (yoz) divided by the
radius of curvature of the off-axis reflector (r) be less than the extent of
the source (SO). As dlscussed below, th:s mtnchon is eased by the

enhancements of the present invention.

—
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|

Is a schematic illustration of the optical configuration in which
and source are assenbl ed and substantially {.

unlt Figure 9 is an extension of the inven |on$§ I ncl ude
taYgets coupled to the el ectromagnetic radiation source by four

xis toroidal reflectors.

P(ﬁ‘?z S one
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Whereas the above-cited patent teaches (i) that the source

: relatxve to the spherical concave mirror should be placed at a distance

along the z axis equal to the radius of curvature of the mirror and a
distance, yO, off-axis, such that (yO2)/r < SO and (ii) that the optimum
location for a target is then the image point defined as the circle of least
confusion, further analysis reveals that positioning the target at this
location is not necessarily optimum as defined in U.S. Patent No.
4,757A31. Its exact'location depends on the characteristics of the source,
of the reflectors, and/or of the transmissive optic(s) placed between the
target and the source. It also depends on the target and, in particular,
for an optical fiber, on its shape, size, numerical aperture (NA), and
cross sectional angle relative to the optical axis at the proximall end

relative to the off-axis reflector. The present invention, therefore, is an

' .opucal system that increases and enhances the concentration and.

collection of radiant flux at a target. It also i increases and enhances the
degree of illumination of the target. In the case of a multimode optical
fiber as the target, the fiber may act as an active element that
randoxmzes and scrambles transmitted radiant flux thereby elmunatmg_

_ optical aberrahons and optical memory. Figure 5 further illustrates the

coordinate system of one embodiment of the present invention.

Because the optical system of the present invention can be
constructed with many variations in sources, targets, and optical
components, the location of maximum collectable flux for a given

target is defined as the location of maximum flux density for the

[
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DETA LED DESCRIPTICN OF THE INVENTICN In the followi ng description
purppses ofW@IMOFA i on and not linitation, specific details afgré@§9-’f/671tzﬁ,
sucht as particul ar nunbers; dinensions, optlcal conponents, etc. in order
to p}ovide a thorough understandlng of the present invention. However, it
wi I} be apparent to one skilled in the art that %he present invention may
be pfacticed in other enbodi nents that depart %m t hese specific details
In other instances, detail ed descriptions of well known devices and

techhi ques are oni tt gsecific sét w&ompoﬁbﬁﬁwf&héfvysfmmpﬁiaymmatyfmﬂxoiﬁadb

! nvert o wh unnecsvs;tslﬂge ?oectafxloln of maximum total flux density, total flux, or image
point (circle of least confusmn). For targets placed at the image point,
the present invention provides an optical imaging System of increased
radiant flux density compared to what is achievable with prior art.
Nevertheless, this system may not be optimized to provide the
maximum theoretical collection efficiency. .The optimum location for

o - the placement of a farget in the present iﬁvention will depend on the
) characteristics of the target and can be classified as follows. |

- Case 1: For targets placed at the image point (circle of least
.I confusion) which are of similar size to or larger than that of the source,
the system has approximafely unit mgnification; In this case the
éystem is typically 6pﬁmized if a fiber optic térget has a numerical
aperture equal to or larger than that of the off-axis mirror.

Case 2: For targets smaller than the source or for fiber optic
targets having a smaller numerical aperture than that of the off-axis
~' | mirror of case 1, there exist toroids specific for a given source and a
target that optimize the collectable flux density at the target which may
be different than case 1. Hence, for a target. described by case 2, there is a
corresponding optimized toroid for a given source. These systems of
sources and targets of unmatched size, having specifically op'tiinized -
off-axis toroidal reflectors, image ata magnification approximately

‘equal to unity as in case 1 and the target is placed at the image point.

Shee[ﬁiilfﬂlefllmhced
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ng, collecting, and concentrating optical systembuilt in

rdance with this invention consists of three nain conpo i e
‘The f w/oh7,59a retro-reflector, is opti.onal, but inprovegeg}el%%{drﬁzie_
_.-Sour‘?fé. An optical -point source of electromagnetic radiation. In the
text of this invention, a point source is any conpact- source of .
ctromagneti c radi ati on whose angul ar ext ggt is small and emts flux into
rr] stearadians. Typically, the linear angul ar size of such a source is .
"more than 0.1 radi an. For exanple, a typical source nay be an electric
lanp with an arc gap of approximately -1

Nt
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Case 3: For practical systems involving a given sourceanda
toroidal reflector optimized for a target of specified characteristics (e.g.,.
diaim_ate_r, shape, numerical aperture for a fiber optic target as discussed
in cases 1 and 2), use of such an optimized system with targets having
sizes or numerical apertures other than those of the optimized target
may require different positioning of the t;'u:gef and the reflector relative
C. | " to the source. In case 3, the system deviates from unit magnification in
| that the toroidal reflector typically must be translated along the z-axis
and positioned relative to the source at a distance so as to optimizé the

—~
Ay

poéitioning of that portion of the reflector-surface which concentrates
the maximufn flux dénsity within the angle of acceptan;:e of the target.
Relativé lto cases 1 and 2, the location of the ta_fget may differ
substantially and the effective numerical aperture of the reflector is
matched to the numerical aperture of the target. The effective optical
axis of the system may also differ from the idealized geometry' of

. Figure 4.

In systems characterized by case 3, there may exist a locus of |
points having similar collectable flux densities for a given target
depending on the characteristics of the source. For arc sources and ,
other similar extended sources, that portion of the intensity contour
collectable by a fiber optic target will vary with target size and with
numerical aperture of both taréet and off-axis mirror. Hence, that
portion of the' source actually imaged or .collected at the target varies.
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mm pl aced in front of a concave reflector at a distance of approxi mately 50
mm _In WWV(B?” such a source is an extended source. |In tHRCT/USPIRENS ed
enbodi nent, this is a conpact xenon arc lanp with an arc gap [err] 1 nm and
a quartz |l anp envel ope or ceram c enclosure with a quartz w ndow. ‘However,
any source of electromagnetic radiation which is of simlar size to or
smal l er than the target may be used (e.g., fiBber, filanent |anp, gas

di s-charge | anp, |aser, - LED, sem conductor,

For small targets there may exist more than one part of the intensity
contour that produces the same collectable flux den#ity at the target,
enabling the Itarget to be placed at a locus of points to achieve similar
collectable flux densities. Thus for case 3, the system is said to
concentrate rather than image flux density from the source at the
target. In this case for which a locus of points of similar flux densities .
exist for a given target, the size of the target will aiwaYs be smaller than
that of the source and the source will have an i_ntehsity contour that
o | will vary over its nominal size.

_ In the present invention and in U.S. Patent No. 4,757 431, the
degradation of ﬁ1e radiant flux of the source at the focal point, inxage
| _point, or location of the target is primarily caused by astigmatism
produced in the y-direction by the off-axis geometry. Secondarily, for a |
source containing a glass envélope, such as an arc lamp, astigmatism is
caused by the aspherical shape of the glass envelope itself. In US.
“Patent No. 4,757,431 the deficiency of the spherical reflector is that the
projection of the rays onto the y-z plane converge closer to the reflector
" than do the projection of the rays onto the x-z plane. The current
invention improves on the teachings of this patent in the substitution
of a toroidal surface having its longer radius of curvature along the y-
axis and shoﬁer radius of curvature along the x-axis. The difference in
radii causes the convergence of rays in the y-z plane to be repositioned
to coincide with that in the x-z plane. This substitution reduces the
size of the focal point by reducing the total system astigmatism, thereby
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etc.).’ The, si of the el ectromagnetic source here is bett ' t he
1/ e i nt/\@]g‘?/?é/ﬁ%f th Sh%ﬁ?zng yone

] e intensity contour map which characteri Zes
brightness (flux density over angular extent) of the source. Brightness is
related to the size of the arc gap and determines the theoretical [imt of
coupling efficiency. For the specific case_ﬁ{_-an arc lanp, the contour
approxi mates axial.symetry and is a conpleX function of electrical rating,
el ectrode design and conposition, gas pressure, arc gap size, and gas
conposi ti on. Forbathdneraasing the concentratingapowezaf tha\aptirabsystephanfical
curved envel ope, the effective relative position and intensity digtribution
of the source i nenhancing thecollectablesadiantfhwoat the target. In the specific case

of a target being placed at the circle of least confusion, a toroidal
reflector substantially reduces the size of the image. For example,
comparison of the maximum attainable flux, collected by a 1 mm
diameter optical fiber from a xenon arc lamp havmg a nominal 1 mm
arc gap, from a spherical reflector and a toroidal reflector, each having

C Z " the same NA and effective radius, has shown that a toroidal reflector
|" | can increase the maximum collectable flux by greater than 40%.

Another advantage of a toroidal over a spherical reflector is its
adaptability in reducing and compensating for aberrations in off-axis
geometries when non-ideal point sources (e.g., extended sources with
aspherical glass envelopes) are used. By rotating the toroidal reflector
around the z-axis it is 'p,ossible to compensates for any of these
aberrations and thereby adjust for the practical variations in
manufacturing tolerances of components in the optical system. This
rotation adjusts the effective focal lengths defined by the radii of

curvature along e x-z and y-z plahes and thereby concentrates the
radiation flux density to a maximum extent. Thus rotation of the '
toroidal reflector optimizes the flux density at the 'arget. by adjusting

* the radii of curvature to coﬁipensate fof the particular aberrations.in
the system. |
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This is caused by the shape of the envel ope which essentially

funct ons as ns and requires a conpensating optical el emﬁuﬁg%
’ogaér?ebe achi eved either by nodifying the design of the A

ctor to conpensate for the astignatism caused by the envel ope or by
arget. Additionally, optical coati ngs cgp be appl |'ed to the envel ope

fnimze Fresnel reflections and thereby maxi m ze coll ectabl e radiation

at the target or to control and/qr filter radi ation
J A pra calqunprovement_ oef the current mver)ftxon over the

previously cited patent is the capability to optimize the flux density at
] the target for targets of varying size. Whereas larger targets of similar
[" : ' dimensions to the source are positioned for maximum flux at or near
[ the circle of least confusion, as deﬁned in U.S. Patent No. 4,757,431,
i smaller targets may not be. .For example, in a specific case of a toroidal
f réflecto: (r1x = 50 mm, r1y = 51 .9 min) used to concentrate maximum
energy at a fiber optic target, substantial differences in the location of
N _ the fiber occur déper_tding on fiber diameter and NA When the fiber-
P | diameter (1-mm) is similar in size to the size of source and its NA
matches that of the reflector, the fiber is located near the circle of least
confusion as defined by the teachings of U.S. Patent No. 4,757,431,
whereas when the NA is substantially smaller, its location for
maximum collectable flux density can vary by 0.5 mm. For two fibers
each havxng a diameter similar to the size of the source but differing in
numerical aperture by approximatély a factor of 2, the locations of each
for which flux density is maximiied differ by 1.5 mm, because the
image points of maximum brightnéss depend on the angular
-y distribution of flux density which must be optimized for numerical
| aperture at the target relative to both the NA of the reflector and the
brightness of the source. Although small differences of < 50 it 1l in
location relative to the size of the fiber or the size of the source make
no measurable difference in the collectable flux transzmtted through
the target, larger dxslocahons clearly have a measurable xmpact To find

the location of maximum collectable flux density for a-given target
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(2) ector. The reflector (off-axis) reflects and focuses

el ectr rragnetlc radi ati on fromthe source onto.the target PCIT{%SQ%WI@QI axi s
defi nds 75%xi s of the system relative to which both the source and
targe V!‘;Qe off-axis. In the context of this invention, the reflector is a
porti on of a toroidal reftector concave relative to the source, the exact
desi gh and placement for which depends on ®¥he characteristics of the source
and t’ne target. In the preferred enbodi ment of this invention, its exact

desi gn depends oen th% f&}ﬁﬁﬁﬁéxﬁréﬁﬂiecéff% Fsroidall @érrapd Héﬁ:e for
r : atched optical systems, target and reflector, the positioning of the
. target may be different from that of matched optical systems for a given

source.

US. Patent No. 4,757,43; teaches that the collecting and
‘condensing system is NA independent; 'I'he present off-axis collection
: system requires that the NA's of the fiber optic target(s) and off-axis
£ reﬂectbr(s) be matched or optimized to achieve maximum collectable
P flux density. For um:natched systems, the reflector must have a NA
that is greater than that of the target to achieve maximum collectable
flux by a fiber target. For radiation emitting sources, high NA targets
and reflectors provide for maximum optical and collection efficiency
resulting in maximum concentration of flux density at the target. An
optimized system' involves matching the characteristics of the source to
those of both the off-axis reﬂector and_the target.' This involves, for an
._ - arc lamp or gas discharge lamp as source, matching the brightness; i.e.,
C intensity ‘contour over the angular extent of the source, to the optical |
characteristics of the. system. For any given set of characteristics '
describing the off-axis reflector and the target, there is an optimum arc
~ size and effective NA“that will produce the highest brightness source
able to be coupled maximally to the térget. |

In the idealized embodiment of the present invention shown
in Figure 4, the source (SO) and target (T) are located at focal points
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target. These characteristics are as follows: for the target (i) size, (ii)

shape, wih lal -axi s displacenent (see below), and (iv) fq | ber optic
t ar get V&‘??lé)"r?Z%Jeru cal aperture, dianmeter, and angle of thegﬁzygﬁp7%d
relative to the off axis reflector, defined as the angle between the
transverse and | ongi tudi nal axes of the fiber; for the source, (i) size and:
brightness, (ii) effective nunerical apertugg, and (iii) astigmatism

caused by the source envel ope or encl osure present. Optical coatings can
be applied to the surface of the reflector to.enhance reflection or to
control and/or fequidistantandonappesiteisides ofithe optical axig ofjtaroidalcor r ect i on

can be a'ccorml ! SP&P«%} ?/Iﬁ ahs%naef%[teci Ials ttl'.elo L)?sttgml gsggl%iis. The sz plane is
said to contain the source, target and optical axis. In the specific case of
.an arc lan:lp as a source (Figure 5), an x-axis is said to be parallel to the
. longitudinal axis of the source, defined by the electrodes of the arc gap.
The y-z plane containing the optical axis may or may not coincide with
the 'plane containing the arc and fiber optic target. At times it may be
| desirable to have either 8x O or g x Oor both, the exact values
‘ | depending on the characteristics of the arc, the reflector, optional
transmissive optic(s)r and the optical fiber. In practice, the collectable
flux and system efficiency may be increased by 5-10% by tilting the
plane of the optical axis 8 * 5° and/or g * 5° to achieve optical matching
of an arc lamp source and fiber characteristics or to locate the target

above or below the y-z plane.

A more nearly ideal reduction of the present invention to

pracﬁce requires construction of a sou;be, such as an electric arc lamp,

| that houses both the off-axis mirror ém_ci retro-reflector in the samé
enclosure as that containing the source. The fiber optic target may be
placed either internal or external to the enclosure. When it is internal,
the fiber is mounted permanently as a part of the fully endoséd :
assembly of source, off-axis mirror, and retro-reflector. When it is
external, either a window placed near the optimal lbcatipn of a fiber
-optic target (Figure 8) or a fiber optic coupling mechanism is used to
couple the focused image of the source to the fiber optic target. The
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betweenthe r ector and target, with or w thout optical ¢ ' r'c.
poatl p@&o 67% Target. .The target is a snmall object whi %Cﬂ’!rgagf“%b%e
irradiated or illumnated with the highest flux density el ectromagnetic

radi ation possible. In the preferred enbodinent, it is a single opti cal
fiber. with a dianmeter near 1 nmor smaller. JJhe properties of the

opti cal

lq - "’\\
()

di aneter and nunerical apertdfe, nust be matched to the

performance of such 8 device will depend on whether the off-axis
mirrors are toroidal or spherical and the extent to which the
configuration is d;splaced off-axis. For the case in which the off-axis
displacement is minimized, the performance of spherical and to.roid'al
reflectors will be similar. This construction eliminates aberrations that
are inherent in aspheric glass envelopes associated with short arc gap
lamps, and, therefore, spherical, on-axis retro-reflectors will perform as
well as toroidal designs. Arc lamps constructed without aspheric glass
envelopes, such as those constructed with cergmic enclosures and a
window(s), are able to avoid envelope?-itxduced aberrations and to
simulaté'near ideal conditions without enclosing the source and optics

in a single enclosure.

Us. Pa'1tent No. 4,757 431 teaches that the use of a spherical
reflector imposes the restriction that yO2/r<SQ. This restriction hnuts
the physu:al desxgn of the system by requiring that the target be placed
in practice, at the minimum off-axis distance which is adjacent to the
envelope. By contrast, the radii (rixX & r1y) of the toroidal reflector can
be chosen such that this restriction on the value of yO2/r is
considerably relaxed. This allows for additional space between the
source/sburce envelope and the target. The additional space |
eliminates potential obstruction of the focal point' by the envelope and
permité the placement of optical elements (e.g., filter, correcting tilt |
plate, lens, etc.) or mechanical deménts (e.g., shutter, iris, etc.) to

attenuate, control, and/or filter the radiant flux density incident on the

| |iiiii|‘|i‘ii|f|ifi‘|||ﬁ“




opti cal dARey i stics of the systemconsisting of source ' r.
The effi‘ﬁcé?ency of collection and transm ssion can be enhance (/){rjgé:%ﬁflﬁzgl | ed

by addi ng optical preparations to the input end of the fiber.
Alternatively, the target can be a single optical fiber or a grouping of
optical fibers having simlar or dissimlar gpapes, sizes, nmaterials, and
numeri cal apertures and arranged either symetrically or asymmetrically.

e e o L She ot Pl 1) Lot o pyrpenctcuf o
Lo the refTect or o b, ROL ) Shed ot ity 18l it 2 spRARAP Afechs TsiO%
- 50 mm and SO * 1 mm, yQ is restricted to be no greater than * 7 mm.
Since the maximum envelope diameter is 4yO consistent with boti} of
the constraints that y02/r<S0O and that the off-axis distance be a
mmunum, the maximum diametér of the lamp envelope required by
U.S. Patent No. 4,757,431 is * 28 mm. In practice this places the optical .
_ fiber adjacent to the envelope. Substituting a toroidal reflector with r1x /
) _ ‘=50 mm and iy =51.9 mm, the optimized position for a 1 mm optical - ’-
fiber is yO = 10 mm and the total collected energy at the fiber optic’
target is 40% greater than that achievable from the compai'able 50 mm
diameter spherical reflector taught by U.S. Patent No. 4,757,431. Thus
yozlr > Sp for the invention described here and this feature enables an
_ o.p'tical'fiber target to be placed away from the envelope. This - ._ -
improvement also facilitates the use of iamps with a larger diameter.
" Since the diameter of an arc lamp is proportional to its operating
wattage, a larger lamp envelope allows the arc laﬁlp to be operated at a

S i)

higher wattage, thereby increasing the collectable flux. For the example
cited here, a higher wattage lamp with a 40 mm diameter envelope
could be used. '

Since most-arcs are not symmetrical and dlffer in their x and y
dimensions, an improvement on the order of 10% in collected
- radiation can be realized by polishing a cylindrical optical fibei' atan
| angle such that the cross sectional area resembles an ellipse. By
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radi ati on source, such as an arc lanp and for astigmati smintroduced by the .
of f-axis geonetry and | anp envel ope,” (ii) to nodify the reb }V :ﬂwﬁsrica
apert ur poo#/08% fiber to the optical collection system ande:rl,ll’% édj ust
for the relative angle of the |ongitudinal axis of the proximl end of a
fiber optic target relative to the optical axis of the system (4)
Retro-reflector. Aretro-reflector reflects,and re-focuses radiation from
and back through 8 source, effectively incréasing the brightness of the
source by overlaying an inverted intensity distribution of radiation onto

the original souchanging thaangle déthe prexisuali end of dhe fiber fromararmaal, tot the

retro-reflector is a portion of a

optical axis, the longitudinal axis of the fiber optic target can be pivoted
or swiveled to maximize the collectable flux density and the irradiation

or illumination of the target.

The basic optical configuration described herein can be
expanded to include a second concave reflector M2 (i.e. retro-reflector).
This retro-reflector is located behind the source to reflect and ré-focus
, flux from and back through the source onto the toroidal reflector. The
concave reflector can be either spherical or toroidal. The improvement
in the collectable flux in using such a concave retro-reflector depénds
" on the characteristics of the source, source e'hv_elope, off-axis toroid
reflector, and target and varies from 10% to 75%. The retro-reflector |
should be optically matched to the source and its glass envelope (1f
present) as well as to the toroidal reflector and target to produce a
system that maximizes both collectable radiation flux and system
- . : efﬁaency Toroidal designs are superior for sources having glass
| envelopes (éndosures) because they. facilitate the reduction of
astigmatism caused by the aspheric en(relope. Correction of this
astigmatism can produce improvements in total collected radiation
flux by iO% over a spherical retro-reflector. A self-contained system as
shown schematically in Figure 8 could be optimized with either a
spherical or toroidal retro-reflector depending on the target. |
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toroid reflector concave relative to the source. In an alternative
enbodi jos7s9etro-refl ector is a portion of a spherical PET/USIBL0TI24 t S
exact sﬂ%%s depend on the shape and size of the source relative to the
-13- siize of the target (and the nunerical aperture in the case of a fiber
optic target) and the aspheric correction necessitated by the source

envel ope, if any. Additional I y, optical coati-26gs can be applied to the
surface of the -

The _optical configuration described herein can be expanded to
include multiple off-axis reflectors (és are discussed in the previously
cited U.S. Patent 4,757,431) multiple retro-reflectors and multiple
tafgets. The optical system of Figure 4, without retro-reflector M2,
could accommodate a total of four off-axis reflectors and four targets.
Inclusion of the second reflector M2 reduces the system to two off-axis
reflectors and two targets as shown in Figure 7. Figure 8 shows the
rédu_ction of reflectors M2 in Figure 7 to a single nearly hemispherical

~ - retro-reflector. In the case of four off-axis reflectors, each reflector
would collect electromagnetic radiation from the source over * 90°
solid angle. In the case of two off-axis reflectors, each reflector would
collect over * 90° solid angle from the source, and a pair of reflectors M2
“ or the single retro-reflector of Figure 9 would focus light back through
the source over * 90° or * 180° solid angle respectively. Figure 8 shows
the reduction of the optical configuration' in Figure 4 in whic_h.the' two
reflectors and sources are assembled and substantially fabricated as one
self-contained unit. In practice any combination of off-axis mirrors and
| retro-reflectors with a means to couple a target to the concentrated flux
o ' density either through a window or fiber optic fitting could be
fabricated as one self-contained unit. Although the number of off-axis
mirrors could be increased beyond 4 for applications requiring more
than 4 targets, in practice such an optical system would not maximize
the collectable flux density at the target.
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attgnu g420B789i on flux. Figures 4a & 4b illustrate an |dqai-1r/1gd3/g7u4
congentFating and col I ecting system according to the present invention.
oppgsrte sides of the optical axis O of the systemare a source S err] and
t-arget T each displaced a distance ylerr] fromthe OmeTs—dEﬁ“an‘by

theicenter of curvature and optical axis of-2roroidal r err
(off-axis reflector). (The optical axis of a toroidal r qﬁl e d

retfreflector to enchance reflectivity, or to control, filter, and/or

as the normal tox:h rpendl cular intersection of the r ure )
Al'so, aretro- r Merr] is located behind the s
the source at a _

1 A system for condenéing, concentrating, and collecting
electromagnetic radiation to providé a high inten#ity illumination
source having as much radiation flux as possible in a small areé, said
system comprising: |

a primary electromagnetic.radiétion reflector having an optical axis and

6 ,  a substanﬁally toroidal reflecting surface concave to the source of
P electromagnetic radiation;

a source of electromagnetic radiation located near a center of curvature
of said reflector, but laterally offset a first distance from the optical axis
of said reflector so as to produce a substantially focused image of said
source upon reflection from said reflector, at a point laterally offset -
from said optical axis by a second distance, said substantially focused
image point being opposite the source with respect to the optical axis of
said reflector; and o

a target located near said substantially focused image point of said
reflector to collect said electromagnetic :acéliaﬁon.

| 2. The system of claim 1, wherein said toroidal reflecting
surface has a radius of curvature in a first plane containing said optical
axis, said source, and said target that is greater than a radius of
curvature in a second plane containing said optical axis and Whlch is
orthogonal to said first plane.-

[



di stance approxinnLeLy—equaF—fﬁ—ftS“Tadius of curvature.
preferaﬁ 'nent i ncl udes t |s retro-refl ector f.or
concent tlon 0

AI t hough t he

fly, it is not essentlal ﬁ(l"%%;r{ﬁ@ﬁél ng,

et

concentrating, and ﬁ&ﬂ Eﬁ atlon at the target. As shown in Figure
4, the off-axis disp , is equal for a source So and target
T. In the reduction to practlce of the presgpt invention, the off-axis

di spl acement of the source may be different ‘Tromthat of the target. For .
the latter, the effective optical axis of the systemw |l lie between the .
target and the source ahd nmayThe systefreofalaimbwhersin saidctargetdsdocated
refl ector. The exact |ocation of effective

a point of maximized concentrated flux density which is substantially
coincident with the substantially focused image point.

4. The system of claim 1, wherein said target is located at

a point o_f maximized concentrated flux dénsity which is offset from the

- substantially focused image point.

5. The system of dlaim 1, further comprising an optical
démént placed between at least one pair of said source and said
reflector, and said reflector and said t#rget, forming an optical element
selected from the group consisting of a corrective optic for improving
the focus of said image on said target, a corrective optic treated with an

optical preparation for controlling the spectral intensity distribution of

- the source, an attenuating optical element for attenuation of said

electromagnetic radiation incident on said target and a filtering optical

‘element for filtering said electromagnetic radiation incident on said

target.

6. The system of claim 1, further comPrising a
mechanical element placed between at least one pair of said source and
said reflector, and said reflector and said target for attenuatmg said
electromagnetlc rad.latlon mmdent on, said target.
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Sys ptical axisTm this case wll depend on the nunerical aperture of

t hejFar get an t)he ﬁge{gaeBgédm@ @l aperture of the ref | RCTASI3NOTR4 t he
opt Fcal pa the tor is not an exact description of the
system opt [ cal axi s, optical axis of the systemis determ ned
from a proper mat chi n i cal aperture of the source to the

ef fective nuneri cal aperture of the refl ecte®-and the numerical aperture of
the target. The effective nunerical aperture of

7. The system of claim 1, further compnsmg a secondary
concave retro-reflector placed generally behind the source with respect '
to said primary reflector so as to reflect electromagnetic radiation from

- and back throixgh said source such that an image of the source is

formed substantially coincident with said source.

8. The system of claim 7, in which the source and said
( . : - secondary concave retro-reflector are combined together as a single

9. The system of ciaim 7, wherein said secoridary concave
retro-reflector comprises a reflector selected from the group consisting
of an approximately spherical reflector and a substantially toroidal
reflector. " |

10. The system of claim 7, in which a reflective surface of
o, at least one of the primary and secondary reflectors is treated with an
| optical preparation for controlling the spectréll intensity distribution of

- the source.

11, The system. of clau:n 1, wherein said Second_distance is
substantially equal to said first distance.

| 12.. ' The system of claim 1, wherein said second distance
differs from said first distance such that an effective optical axis e
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the reflector will differ fromthe theoretical nunerical aperture if that
port ion of the reflector ‘actually used to condense and concentrate |ight
W't hi n WOS4H37EDt anca‘hatsgéeeﬂaaBeénmrMJ get is smaller than tRE/LEPI/07124

‘aperture, Alerr], inF ystems in which the nunerical aperture
of the target is less he off-axis reflector the effective
nuneri cal aperture of or will be less than its theoretical
nunerical aperture. It wll b_e obser_ved t hat8®t he geonetry of the system
illustrated in Figures 4a & 4b is quite simlar to that which is disclosed
in US. Patent Nogyéelohidating Ea/idircdantt sHid toijRtts BESR Ok RBIUIION. AS

axis of said reflector.

13. A system for condensmg, concentrating, and collecting
hght to prov1de a high intensity light source for illumination having
as much radxat:on flux as possible in a small area, said system
compnsmg
a primary electromagnetic .radiatioh reﬂedor -ha\;ing an optical axis and

my;y a substantially toroidal reflecting surface with a center of curvature;
a light source located near the optical axis of said reflector but offset a

- first distance from the optical axis of said reflector so as to focus and
concentrate the light of said source at an image point offset from the
N optical axis of said reflector by a sécond distance, said image point being

opposite said light source with respect to the optical axis of said - .
reflector;. _ _ |
an optical fiber target having a collection end thereof located near said

image point of said reflector.

14.  The sysfem of claim 13, wherein said second distance is
substantially equal to said first distance. |

15. The system of claim 13, wherein said second distance
differs from said first distance such that an effective optical axis of the
system bisecting said source and said target is offset from the optical

axis of said reflector.
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n that patent, the use of a spherical reflector inposes the
Ictions that the square of the off-axis distance (y[er&) di vi ded by
r adi u§ AB78%urvature of the off-axis reflector (r) be | BSEYIPHOHPRE
extent o9 the source (S[err]). As di scussed below, this restriction is

easied by the enhanddi Be &sent invention. _ \Wereas the
above-cited patent t t the source relative to the spherical
concave mrror shoul a dista .

16. The system of claim 13, wherein said toroidal reflecting
surface has a radius of curvature in a first plane containing the 'optical
axis of said reflector, said source, and said image point that is greater
than said radius of curvature in a second plane containing the optical

axis of said reflector and which is orthogonal to said first plane.

( | ' 17. The system of claim 13, wherein said toroidal reflecting -
* surface has-a radius of curvature in a first plane contammg the optical
axis of said reflector and said source that is greater than said radius of
curvature in a second plane containing the optical axis of said reflector
and is orthogonal to said first plahe, where the location of said target
lies above or below said fu'st plane. | |

18. The system of claim 13, in which said target is located
.. at a point of maximized concentrated flux density which is

o~ substantially coincident w1th the image point. -

™ | 19. - The system of claim 13, in which the target is located at
a point of maximized concentrated flux density which is offset from

said image point.

20. The system of claim 13 further comprising an ophcal
element placed between at least one pair of said source and said

-reflector, and said reflector and said target, forming an optical element

Ry



al on Is equal to the radius of curvature of the mrror and a
, , y[err], off=axis, such that (y[err])/r < So and (ii
opt i &M | ocat9i4m3759or 4198 Had Hoed RERcdahe | mage point defi nedi'ggh?%ge"’tl@ﬁ?'&l e
furting '
::éﬁ“
| o

of st -cWAFusi on, I eveal s that positioning the target at
ﬂ ﬁm {mm as defined in U S Patent No.

thisilocation is not _ {
4,757,431. Its exact on the s{nar acteristics of the source,

of the reflectors, and/or of the transnissive optic(s) pl aced between the

target and the source. It also depends on the target and, in particul ar,

for an optical fibselected from theagroups comsistimgref iaccorregiive: optic forimproning

cross sectional an(i;tl\.ee relative to the optical axis at the proxinal end

focus of said image on said target, a corrective optic treated with an
optical preparation for controlling the spectrél intensity distribution of
the source, an attenuating optical element for attenuation of said
electromagnétic radiation incident on said target and a filtering optical
- element for filtering said electromagnetic radiation incident on said

target.

s 2.  The system of claim 13, further comprising a secondary
concave retro-reflector placed generally behind the source with respect |
to said primary reflector so as to reflect light from and back through
said source such that an image of said source is formed substantially

coincident with said source.

.22, The system of claim 21, in which the light source and
said secondary concave retro-reflector are fabricated and mounted

substantially within a single enclosure.
o | 23,

retro-reflector comprises a reflector selected from the group consisting

The system of claim 21, whetem the secondary concave

of an approximately spherical reflector and a substantially toroidal
reflector. .

- 24, The system of claim 21, wherein a reflective surface of

at least one of the primary and secondary reflectors is treated with an

* c L M H *



r.el atlile to the off-axis reflector. The present invention, therefore, is an
opt.i caVO%‘éQQﬁ?t hat I. hNGLE getahances t he concentrat |Rﬂ/aﬁﬂ3/@mlz4ect I on
of radiant flux at a ﬁl

7 0 i ncreases and enhances the degree of "
i1lum nation of the t ‘ I| case of a multinode optical fiber as the
target, the fiber ma ive el errent that random zes and

scranbles transmtted rad| ant flux thereby3®linnating optical aberrations
and optical nenory. Figure 5 further illustrates the coordinate system of
one enbodi ment pitidal prepasivn forvestitiellin ﬁﬁﬂ'@%ﬁé&ﬁ%‘l‘%&h&i tydis&ithition f ¢ he
present invention can be constructed with many variations”in sources,
targets, and ophecsturce.

.25, The system of claim 13, wherein the collection end of
said optical fiber target is polished at an angle substantially
perpendicular to a longitudinal axis of said optical fiber target.

(_ ' 26. The system of claim 13, wherein the collection end of
" said optical fiber target is polished at an angle substantially inclined |
with respect to a plane perpendicular to a longitudinal axis of said
optical fiber target.
“ 27. The system of claim 13, wherein said optical fiber target

is comprised of a plurality of optical fibers bundled together.

- 28 The system of claim 27, wherein said plurality of
optical fibers have substantially'identical optical properties.

Jo

29. The system of claim 27, wherein said plurality of
optical fibers are selected from the group consisting of optical fibers
having substantially different diameters, 6pt_ical fibers having
Substanﬁally different numencal apertures, optical fibers having
substantially different shapes and optical fibers having substantially

different material compositions.
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conponents, the |ocation of maxi nim colTectable flux for a given target is
defi'ned WO 9418375cat | o]- 0 éﬁ&m{g 14d% density for t he SBGEAUS‘)@/@GN of
conmponents of the syste y not coincide with the |ocation of
maxi mum total fl ux den&i“ , or image point (circle of |east
confusion). For targets | mage point, the.present invention
provi des an optical imaging system of incre d radiant flux density
conpared to what is achievable with prior art.

30. The system of claim 27, wherein the collection end of

at least one of said optical fibers, bundled together as said target, is
polished at an angle substanhally perpendicular to a longltudmal axis
of said opt:cal fiber.

31.  The system of claim 27, wherein the collection end of
at leést one of said optical fibers, bundled.together as said targét, is
- polished atan angle substantially inclined with respect -to a plane
Ny - perpendicular to a longitudihal_aﬁs of said optical fiber. |

32. The sysfem of claim 13, wherein at least one of the
ends of said fiber optic target is treated with an optical preparation.

33. The system of claim 27, wherein at least_ one of the
ends of at least one of said optical fibers, bundled together as said target,
is treated with an optical preparation.

34. The system of claim 13, wherein said primary reflector
I ; has a numencal aperture optically matched to at least one characteristic -
' of said ﬁber optic hrget.

 35.  The system of claun 13, wherein said light source, said
pnmary reflector and said fiber ophc target are optically matched.

U
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Never thel ess, thi s—syseem—ﬁﬁy—net—be—optl mzed to provide the maxi mum

t heoreti cal | 1 ect | on eff en he optimum | ocation f i ment
of a W@ 03-? the wi |l depend on the cﬁg}al(t{?)ear?????cs of
the target -and can b foI lows. Case 1: For targets placed at
t he i mage poi nt (cir nfusron) which are of simlar size to or
| arger than that of the source the systegghas approximately unit

magni fication. In this case the systemis typically opt| mzed if a fiber

optic target has a nunerical aperture equa r lar han that of the
off-axis nmirror. Casé62: Fofhe ﬁﬂﬂ’-ﬂelé reip § SHCE & fi ber
optic

selected from the group consxshng of an AC electric arc lamp, a DC
electric arc lamp, a gas-discharge lamp, a filament lamp, a
semiconducter, an optical fiber emitting electromagnetic radiation, and

a wave guide emitting electromagnetic radiation.

37.  The system of claim 13, wherein the light emitted by

k) T said light slource comprises light selected from the group consisting of
» continuous-wave light, pulsed light, coherent light, non-coherent

light, monochromatic light, broad-band light, and narrow-band light.

38. The system of claim 13, wherein said light source and
said primary reflector are fabricated and mounted substantially as one
unit within a single enclosure and are coupled to said optical fiber
mget.

39. The system of claim 13, in which said optical‘fiber -

 target is mounted external to said enclosure.

40. The syst:ent of claim 38, in which said optical fiber
target is mounted internal to said enclosure. |

41. The system of claim 13, further comprising a

mechanical element placed between at least one pair of said source and

LR N SR



target§ havi n srr&l—l—er—ﬂU‘rTErlcal aperture than that of the off-axis
e

mrror OVO&®4 t he e sﬁe‘é’ﬁ ggedspemflc for a given PETYCER93d0m 24
target that optim ze qux density at the target which may
be different than case a target described by case 2, there is
a corresponding optim a given source. These systems of

sources and targets of unrratched SI ze, havi # specifically optim zed
off-axis toroidal reflectors, image at a magnification approximately equal

to unity as in cg3arl fefielfor] ARd s péfldctoParid SaidPfargOIC foradenRating said

electroma{gnetic radiation incident on said target.

42, The system of claim 21, wherein said light source, sax.d
primary reflector and the secondary reflector are fabricated and
mounted substantially as one unit within a single enclosure and are

coupled to said optical fiber.

mp B 43. . The system of claim 42, in which said optical fiber

target is mounted external to said enclosure.

4. The system of claim 42, in which said optical fiber

target is mounted internal to said enclosure.

45, The system of claim 21, wherein the primary and
secondary reflectors are fabricated as one unit comprising a reflecting

surface optically matched to said light source and said fiber optic target.

46. - The system of claim 42, wherein said primary and said
secondary reflectors compﬁse a single reflector optically matched to
said tht source and said fiber optic target.

- 47 A system for condensing, concentrating, and collecting
- light to provide a high intensity source for illumination having as

much radiation flux as possible in a small area, said system comprising:

UL




-17- Case 3: For practical systens invol vi ng a given source and a toroidal

r ef{ ectwo 94403739 zed 'ﬁgerh@ethgsrgb@,;R facegpeci fied characteri st iRET/US93/07124
di anet er, shape, numa for a fiber optic target as di scussed
in cases 1 and 2), us t| m zed systemw th targets having
sizes or nuneri cal ap han those of the optimzed target may
require different positi on| ng of the target®%and the reflector relative to
the source. In case 3, the systemdeviates fromunit magnification in that

the toroidal ref} erkPpritiyGRRletortavidg a AranopaEA:as aRd 4 festz- axi s
| | substantially toroidal reflecting surface with a center of curvature;
a second primary reflector having a second optical axis and a second
substantially toroidal reflecting surface with a center of curvature;
a light source located near an intersection of the first and second optical
axes but offset a first distance from said intersection so as'tq focus and

concentrate the light of éa_id source at first and second image points -

( " offset from said first and second optical axes respeétively by a second
- distance, said first image point being opposite said light source with

respect to said first optical axis of said first primary reflector and said
second image point being opposxte said light source with respect to said
second optical axis of said second primary reﬂector,

a first optical fiber target having a collection end thereof located nea_f
the first image pomt | ,

a second optical fiber target having a collection end thereof located near
the second image point.

48.  The system of claim 47, wherein the first and second
primary reflectors are fabricated as a single reflector.

B |

49, The system of claim 47, further comprising first and
- second secondary concave retro-reflectors pléced generally behind the -
soﬁrce with respect to the first and second primary reflectors, |
respectively, so as to reflect light from and back through the source

A



and positioned relative to the source at a distance so as to optim ze the
posi-t i owOg#/8378%hat portion of the reflector-surface whi ch RBEHASWromas t he
maxi mum fl ux density within the angle of acceptance of the target. Relative
to cases 1 and 2, the location of the target nmay differ substantially and
the effective numerical aperture of the reflector is matched to the
numerical aperture of the target. The effecdve optical axis of the system
may al so differ fromthe idealized geonetry of Figure 4. In systens

characterized DygASthat firkhghd sa?dn&&age@ot Pié! Sotfceliftk TofmBa GubGtaitiBllyA! |
coll ectable.flux densities for gl ven Target

coincident with the source.

50. The system of claim 49, wherein the light source, fi"rst
and second primary reflectors and first and second secondary reflectors
are fabricated and mounted substantially as one unit within a single
enclosure and coupled to said first and second optical fiber targets.

This Sheet Has Been Reilaced
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dependihg on the characteristics of the source. For arc sources and ot her
si m1 ar wp©9ar03389 sources, that portion of the intensity conpgyyus®i/hposabl e

by a fiber optic target Wi l | vary with target size and with nuneri cal
aperture of both target and off-axis mrror. Hence, that portion of the
source actually inmaged or collected at 1f%e target varies. For smal |

targets there may exi st nore than one part of the intensity contour that
produces the same collectable flux density at the target,
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enablijng the target to be placed at a |ocus of points to achi || ar
co) | eétgto%/flﬂﬁgdensi ti esl.o Thus for case 3, thg system i scits]ge’é%tgg)onu
conceirate rather than image fl ux densi?ygfromthe source at the target. In
this case for which a locus of points of"simlar flux densities exist for-a
given target, the size of the target will always be smaller than that of
the source and the source will have an intensity contour that will vary
over its nomnal size. In the pgesent invention and in US. Patent No. :
4,757,431, the degradation of tfe radiant flux of the source at the focal

poi nt, image point, or location|of the rily caused by
-astigmati sm - : '
| I i
s
Yo
I T F
* 1‘
r
.(-' ' = ey : .
e j_';_.;l‘a VP SCHLMATIC ARPCAVELEMINT SHOWMN N Y-F [LANE
!

- & - POINT SoueCE
J - IMAGE oF THE ONT SeURCE
M~ SPEERICAL PEFLECTOR

C .~ CORRECTING OFTICAL LLEAIENT

O - THE CENTER OF THE SPHERL: COINCIDES WITH THL QRIGIN
OF THE COORDINATE SYSTiM (%,,2) o

7 - RADIVS OF CURIATURE OF THE SPHERICAL SURFOCE
8 = DIOMETER OF THE OPERT URE OF JHE SPRERICAL SURFACE

Yo = THE SEPARATION DISTANCE OF THE SOURCE MEASURED
. FROM TUE ORTICAL dX/S . '

MOTES - MAGNETIC FIELD ]S NoT SHOWN

e

L S ——

.23757-. TE  ScmemaTIc APRANGEMENT SHosint 1N - X-R FLANE
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produced in the y-direction by the off-axis geonetry. Secondari.ly, for a
source co bad“mﬁgga gl ass envel ope, such as an arc |anp, ast PR USS

caused b He aspheri cal shape of the glass envelope itself. In US. ent
No. 4,757,431 the deficiency of the spherical reflector is that the
projection of the rays onto the y-z pl @848 converge closer. to the reflector
than do the projection of the rays onto the x-z plane. The current:

i nvention inproves on the teachings of this patent in the substitution of a
toroi dal surface havi ng—ts—-orger—+adrds—ef—curvature along the y- axis
and shorter radius of dqurvat —akis. The difference in radii
causes. t he convergence jof Ia e to be rep05|t|oned

. /f
b 4 K
‘\\ .
b Vi
(Y -‘!-’. . /
Y /.- ’
. Yy
1 \ ) [/ —/ N
., s 0 R
Mz .. o
A . = ot / .z A
- TN C M ' . 1

e . s, - r .
- Figure-4a Schematic of XZ-plane of the present invention.

~ S - point source
s, - size of the source

T - target

M, primary reflector ‘ .
M;- secondery reflector This Sheet Has Been Re,

C - correcting optital slement '
O - optical axis of the system

t,, - radius of curvature of the primary reflecter in the xz-plane
. fyt radius of curvature of the primary ceflector in the yz-plane

-~ r,, - fedius of curveture of the secondary reflector in the xz-plane
(-' S L radius of curvature of the secondary reflsctor in the yz-plane
) ~ A, - diameter of primary reflector '
‘ Az - diameter of secondary reflector
: ) Yo - off-sxis distance of ths source and target messured from the optical axis.

Figure-4b Schematic of YZ-ptane of the present invention.
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to cpincide with that in the x-z plane. This substitution reduces the size
of the foggb 937169 by reducing the total system astigmatism PRgye8y: /07124
bot hj i ncreasi ng the concentrating power of the optical system and enhanci ng
the collectable radiant flux at the targejsg n the specific case of a target
bei ng placed at ‘the circle of |east confusion, a toroidal reflector
substantially reduces the size of the inmage. For exanple, conparison of the
maxi‘mum attai nable flux, collected by a 1 mm

P X

——

N | MIRROR

Figure-5 Coordinate convention for an arc lamp source.

This Sheet Has Been Reﬂlaced
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dianete“, g fiber froma xenon arc Ianp havi ng a nom nal
froma sp erlc reflector and a toroidal reflector,
NA and effective radius, has shown that/8 toroidal
t he maxi num col | ectable flux by greater than 40% Another advantage of a
toroi dal over a spherical reflector is its adaptability in reducing and
conpensating for aberrations in off-axis geonetries when non-ideal point
sources (e.g., extended sources w th aspherical glass envel opes) are used.
By rotati-ng the toroidal reflector around the z-axis it is possible to

conpensates for any of these aberrations @nd t hereby adjust for the
practical variationg ilN

1 mm arc gap,

each hB@TAUSIBITIZANE
reflector can i ncrease
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manuf a'cfurl ng $73Léerances of conponents in the optical system This rotation
adj usts 94403’2¢t i ve focal lengths defined by the radii of RGFAUS9B40Z1R{ ong
the x-2z and y-z planes and thereby concentrates the radiation flux density
to a maxi mum extent. Thus rotation of thg, oroidal reflector optimzes the
flux density at the target by adjusting the radii of curvature to
conpensate for the particular aberrations in the system
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- A practical inprovenent of the current invention over the previously
citted pa@H4/0385% he capability to optim ze the flux densityP&¥/¢$a3/e7eget
r targets of varying size. \Wiereas |arger targets of simlar dinensions

t he source are positioned for maxi numflux at or near the circle of
| éast confusion, as defined in US. Pa?é%t No. 4,757,431, smaller targets
mgy. not be. For exanple, in a specific case of a toroidal reflector (rf[err] -
=50 mm r[err] = 51.9 mm used to concentrate nmaxi mum energy at a fiber
optic target, substantial differences in the |ocation of the fiber occur
dependi ng ' ' .

i
S - Source.
N

T, .T,-Targets

M 1 . M' - Off AXiS
Toroidal Reflectors
M, . M; - Retro Reflectors

gy e

Figure-7b Schematic of present invention of two toroidal and -one
hemispherically shaped toroidal retro-reflector (M,).

This Sheet Has Been Reﬂlaced
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on fiber diameter and NA. Wen the fiber-dianmeter (1-mm) is sinmlar in size
to Ihemaﬂ03759source and its NA matches that of the refl REBIUSIBHTIZS ber
i's located near the circle of |east confusion as defined by the teachings
of US. Patent No. 4,757,431, whereas whem the NA is substantially snmaller,
its location for maxinmum collectable flux density can vary by 0.5 mm For
two fibers each having a dianmeter simlar to the size of the source but
differing in numerical aperture by approximtely a ‘factor of 2, the

| ocations of each for which flux density is maxin zed differ by 1.5 mm
because the i mage points of naxi num bri ghtness depend on the angul ar

Single
Component

S - Source
F

1 +F 5 - Targets
L M = Off Axs
_ Toroidal Reflectors .
M, - Retro Reflector

Figure-8 Schematic of present invention (yz-plane) fabricated substantially
as one unit.

Entargement of target position external to fabricated unit.

heet Has Been Re laced
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distribution of flux density which nust be optim zed for nunerical aperture
at the twOs/03%ative to both the NA of the reflector and tPeTAUSIgfIRESS
of the source. AIthough smal | differences of < 50 [err]min location
relative to the size of the fiber or the size of the source nake no
measurabl e difference-in the collectable qux transm tted through the
target, |arger dislocations clearly have nmeasurabl e inpact. To find the

| ocation of maximum collectable flux density for a given target

S - Source
T - Targets
M - Off Axis
Toroidal Reflectors

Figure-9 Schematic of present invention with four toroidal reflectors (M) in
the yz-plane. .

Sheet Has Been Replaced
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-er réqw res adjustment of the off-axis toroidal mirror. Hence for
unmatched optical systens, target and reflector, the positionifg of .the,

target may. be different fromthat of matched optlcal fpr

source. US. Patent No. 4,75,431 teaches that th E‘Wﬁgﬁgr{ﬁ/ gngeﬁfn
systemis NA independent. The present off-axis §3I ﬂ( pm reogl&itl

that the NA's of the fiber optic target(s) -end of f- aX|s re or(s) 81994

mat ched or optim zed to achieve naxi num col | ect apl e

BRIEF DESCRIPTION OF THE DRAWINGS

Figure 1 is a schematic illustration of a prior art condenser

lens system.

Figure 2 is a schematic illustration of a prior art ellipsoidal

lens system.

Figure 3a is a schematic illustration in the y-z plane of a

prior art system emplinng spherical reflector.

Figure 3b is a schematic illustration in the x-z plané of a

prior art system employing spherical reflector.

Figure 4a is a- schemauc illustration in the x-z plane of the

present invention.

" Figure 4b is a schematic illustration in the y-z plane of the

present invention.

Figure 5 is a coordinate system of the embodiment of the

present invention.

This Sheet Has Been Replaced
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flux .density. For unmat ched systens, the reflector must have a NA that is
greater -than that of the target to achi eve nmaxi mum col |l ect abl-e ftux by a

fiber target. For radiation emtting sources, high DATU&
reflectors provide for maxi mumoptical and coLIectu)rt'- t?gaéncy result| n49

i n maxi mum concentration of flux density at_skhe- target An optim zed system
I nvol ves matching the characteristics of the source to those of both t he

of f-axis reflector and he t Thi,s i nvol for,,a c | a gas-
di scharge | anp as sour ?EﬁFﬁgratyhg‘W?ﬁhtl%E?smqg the °a{t %ont our
over the angul ar A I e tic of the
system For any g%gﬁhé%ﬁ%f g‘?%‘(’:%g?hgﬁél%f@mdr% A fHeS

concentration and collection of radiation at a target.

Figure 6b is a ray diagram illustrating the optimum image
locations for a concave toroidal reflector to maximize the
concentration and coliection of radiation at a target. Note that the
result of having two radii of curvature to compensate for optical

- ) aberrations nearly collapses I1 and I in a theoretical sense into the
circle of least confusion. In a practical sense, I1 and I3 are at the
circle of least confusion (see Figuie’ 6a) and the size of the image at |
the ctrcl_e of least .confusion is larger than that of the source |

depending on the extent to which the toroidal design is optimized.

Figure 7a is a schematic illustration of the optical
configuration of Figure 3a expanded to include two off-axis and

two secondary retro-reflectors.

Figure 7b reduces the two secondary retro-reflectors of
Figure 7a to a smgle nearly hermsphencal reflector having two
radii of curvature in orthogonal planes unequal (toroidal) or equal

(spherical) depending on the source.

This Sheet Has Been Repla
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describing the off-axi s reflector and the target, there is an optinumarc

size and effective NA that will produce the hi ghest brightness source able
to be coupled maximally to the target. In the ideali{Z d

present invention shown in Figure 4, the source (§[ grm‘??ﬁ (arﬁngt (a') rgre
| ocated at focal points -22- eqw di stantq n §h si de pf\‘t'he
optical axis of toroidal g %3 ﬂdqﬁp? t'?‘ 2 9

A practical improvement of the current invention over the
previously cited patent is the capability to optimize the flux density
at the target fof targets of varying size. Whereas larger targets of’
similar dimensions to the source are positioned for maximum
flux at or near the circle of least confusion, as defined in U.S.
Patent No. 4,757,431, smaller targets may not be. For example, in a
specific case of a toroidal reflector (r1x = 50 mm, 'r1y =51.9 mm)
used to concentrate maximum energy at a fiber optic target,

» substantial differences in the locatlon of the fiber occur depending @
" on fiber diameter and NA. When the fiber-diameter (1-mm) is
similar in size to the size of source and its NA matches that of the
reflector, the fiber is located near the circle of least confusion as )
defined by the teachings of U.S. Pétent No. 4,757,431, whereas |
when the NA is substantially smaller, its location for maximum
collectable flux density can vary by 0.5 mm. For two fibers each

having a diameter similar to the size of the source but differing in

numerical aperture by approximately a factor of 2, the locations of

\

. ' each for which ﬂux density is maximized differ by 1.5 mm, because @
the image pomts of maximum bnghtness depend on the angular
distribution of flux density which must be optimized for
numerical aperhire at the target relative to both the NA of the
reflector and the.brightness of the source. Although smail
differénces of < 50 pum in location relative to the size of the fiber or
the size of the source make rio measurable differer_lce'.ir.\ the
collectable flux transmitted through the target, larger dislocations
cleaﬂy have a measurable impact. To find the location of

maximum collectable flux density for a given tafget

This Sheet Has Been Re; laceu .
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e

réflector Merr], also defined as the system optlca'l axis. The y-z plane is

said to contain the source, target .and optical . ams»/hﬁg%/s@adf Ql 43
of an arc lanp as a source (Figure 5), an x-axis iS sald t0 be parallel

the longitudinal axis of the source, defi nmgn d'he ¢l ectrodes of the’ar't .
gap. The y-z plane containing the optical 37‘ b mety’ not cot nci'de W th
t he plane containing the arc-and fi ber optlc target. At tines it may be

dependi mg on tnecharheianicl FeolnPaldh desihdithbish l3rdi Staptantts

oy O R okt of BB il e
previously cited U.S. Patent 4,757,431) multiple retro-reflectors and
multiple targets. The ofzical system of Figure 4, without retro-
reflector M2, could accommodate a total of four off-axis reflectors
and four térgets. Inclusion of the second reflector M2 reduces the
system to two off-axis reflectors and two targets as shown in Figure
7. Figure 8 shoWs_ the reduction 6f reflectors M2 in Figure 7toa
single nearly hemispherical retro-reflector. In the case of four off-

» axis reflectors, each reflector would collect electromagnetic
rédiation_from the sourc';e over * 90° solid angle. In the case of two
off-axis r'eﬂet:tors._,_each. reflector would colléct over * 90° solid angle |

. from the source, and the pair of reflectors M2 and M2'or the single
retro-reflector M2 of Figures.7a & 7b, respectively, would focus
light back through the source over *90° or * 180° solid angle
respectively. Figure 8 éhoWs the reduction of the optical
configuration in Figﬁre 4 in which the two reflectors and sources
are assembled and substantfally fabricated as one self-contained

.  unit. In practice any cémbination-of off-axis mirrors and retro- - o

| reflectors with a means to couple a target to the concentrated flux
density either through a window o fiber optic fitting could be
fabricated as one self-contained unit. Although the number of off-
axis mirrors could be increased beyond 4 for applicatiéns requiring
‘more than 4 targets, in practice such an optical system would not

maximize the collectable flux den51ty at the target.
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pl ane’of the op_m%‘[-em\S[err] and/ or g'[err] 50[err] to achieve
opt.i cal mat chi ngrmeh@e@HQSch

| a source and fi ber cha;r.,a(’:t ristics or to
| ocate the target o the y-z plane. A rmraﬂgeﬁl:'yﬁ @93 ] 2 _
reduction of the M[f Il ion to practice requires construction of
source, such as a | anp, that ho@ﬂaﬂé@;{h?{ﬁg{bﬁ_"f--axig I KIPOri152 .

FC AR A

and retro-reflector in the sane encl osure af7that cont ai ni ng f’he séurcer~
The fiber optic target nay be placed either internal or external to the
encl osure. Wien it is internal, the fiber is nounted pernmanently as a part
of the fully encl osCbAIM®Nnbly of source, off-axis mirror, and :
retro-reflector. When it is K

1. A system for condensing, concentrating, and
éollecting electromagnetic radiation to provide a high intensity
illumination source having as much radiation flux as possible in a
‘'small area, said system comp;:ising:. |
a pﬁrﬁary electromagnetic radiation reflector having an -’
| . optical axis and a substantially toroidal reflecting surface concave )
~ _ . to the source of electromagnetic radiation, said toroidal reflecting . @
| sqrface comprising radii of curvature of approximately 50 mm |
varying in length with respect to each other by at least 1 mm.

a source of electromagnetic radiation located near a center

of curvature of said reflector, but laterally offset a first distance

from the optical axis of said reflector 5o as to produce a

P substéntially focused ixi\age of said source upon reflection from

said reflector, at a point laterally offset from -said optical axis by a -

secb_nd distance, Said_ substantially focused image point being

opposite the source with respect to the optical axis of said reflector;

ahd o

a target located near said substantially focused image point

of said reflector to collect said electromagnetic radiation. .

2. ' The system of claim 1, wherein said toroidal
reflecting surface has a radius of curvature in a first plane

containing said optical axis, said source, and said target that is

greater than a radius of curvature in a second plane containing

said optical axis and which is orthogonal to said first plane.
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external, either a wi ndow placed near the optinmal |ocation of a fiber optic
t ar.get (F| gure 8) mheﬁ{—i—e—egupl i ng nmechani smis used to coupl e the
focused image of theusgu e otheflber optic target. 'II'
per f or mance of suchﬂi pend on whet her Lheu@ﬁ:f Z)a)ﬁ@ Yn]ra)r

e

are toroidal or sph xtent to aigo e cgnfl_guratlon I S 5
di spl aced of f - axi s. Wmch th ' |§|,,,,.-__.__. 2 S AN

system bisects the sum of said first and second distances and is
angularly ‘offset from the optical axis of said reflector.

13. A system for condensing, concentrating, and
collecting light to provide a high intensitj light source for
illumination having as much radiation flux as possible in a small
area, said- éystem comprising: a primary electromagnetic radiation

. reflector having an optical axis and a substaﬁtially toroidal
‘reflecting surface with radii of curvature having lengths of
approximately 50 mm and varying in length with respect to each
other by at least one millimeter to obtain an image point of high

i flux dénsity.proxim'at'e to said source; a light source located near the

optical axis of said reflector but offset a first distance from the
optical axis of said reflector so as to focus-and concentrate the light
of said source at an image point offset from the optical axis of said

reflector by a second-distance, said image point being opposite said

light source with respect to the optical axis of said reflector; and an
optical fiber target having a collection end thereof located near said

- image point of said reflector.

14. The system of claim i3, wherein said second distance
is substantially equal to said first distance. '

15.  The system of claim 13, wherein said second
distance differs from said first distance such that an effective optical
axis of the system bisects the sum of said first and second distances -

and is angularly offset from the optical axis of said reflector.
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di spl acement is mninized,—the—perfermance of sphérical, and_tqgroi dal ,
'g‘zﬂaef /)i 6nd @ hd

reflectors will be 1iisrg'hl . This construction elim nat e
are inherent in asp ¥ @F‘opes assogigted with short arc gap
| anps, and, theref orFﬂll H on-axi s reﬁﬁoﬂééf& dotors . will perdgrf asys
wel | as toroidal des s constructed w thout aspheric gl ass ’
envel opes, such as those constructed with c&-am c encl osures and a

wi ndow(s), are able to avoid envel ope-i nduced aberrations and to simulate
near ideal conditions wthout enclosing the source and optics in a single.

encl osure. US. Pasugh that finstzd serondoimages ofithe sowrce gee _fﬂffaeépher i cal
substantially coincident with the source. S

50. - The system of claim 49, wherein the light source, first
. and second primary reflectors and first and second secondary
reflectors are fabricated and mounted substantially as one unit
within a single enclosure and coupled to said first and second optical
fiber targets.

51.  The system of claim 1, wherein said radii of
curvature of said toroidal reflecting surface .comprise lengths

between 40 mm and 55 mm.

52.  The system of claim 1, wherein said radii of
curvature of said toroidal reflecting surface comprise lengths of

50.0 mm and 51.9 mm.

. . 53. The systeﬁ of claim 13, wherein said radii of
# " curvature of said toroidal reflecting surface comprise lengths .

between 40 mm and 55 mm.

54. The system of claim 13, wherein said radii of
curvature of said toroidal reflecting surface comprise lengths of

50.0 mm and 51.9 mm.
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Cow ' i -y me?
reflector inposes the restriction that y[err]/r<S[err]. This r esPEIETS B

limts the physical design of the.systemby requiring that the target be

pl aced, in practice, at the mnimum off-axis distance which is adjacent to
t he envel ope. By contrast, the radii (r[elr] & r[err]) of the toroidal
reflector can be chosen such that this restriction on the val ue of y[err]/r

i's consi derabl Fﬁmﬁ @P’h
sour ce/ source envel ope an vgei-o ﬁ ce el 1 mnates
potential obstruction of the ocal porn y the envel ope and permts the

pl acenent of optical elenments (e.g., filter, correcting tilt plate, |ens,
etc.) or nechanical elenents (e.qg., shutter, iris, etc.) to

FIELD OF THE INVENTION

This invention relates to systems for collecting and condensing
electromagnetic radiation, particularly a system for providing a high
_x_'adiancetoasmalltargetsuchasanopﬁmlﬁber.

'BACKGROUND OF THE INVENTION

Conventional collecting and condensing designs for
electromagnetic radiation emphasize collecting and redirecting the
maximum amount of light from a source of radiation, approximated by
a point source. To produce a small spot size based on these designs
results in a decrease in radiation flux because conventional designs
(i.e., the collection and redirection of the maximum amount of light)
inherently conflict with the goal of concentrating the radiation flux
into the smallest possible spot size when the radiation originates from
conventional incoherent sources. Thus, images of small spot size may
be obtained only by a corresponding decrease in flux density.

There are two basic optical designs in common use for
collecting and condensing radiation. The first is a system of condenser
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attehuate, control, and/or filter the radiant flux density incident on the
target. In the preferred enbodi nent of the previously cited patent, to
obtain the maxi mum col |l ectable flux with a spherical reflector with r = 50
mmand S[err] *1 mm y[err] is restricted to be no greater than * 7 nm
Since the maxi mum envel ope dianeter is 4yJerr] consistent with both of the
constraints that y[err]/r<S[err] and thal the off-axis distance be a
m ni rum the nmaxi mrum di aneter of the | anp envel ope required by

lenses such as illustrated in Figure 1. Condenser lenses have several

. problems which include creation of chromatic and spherical

abe;ritions, relatively high cost, inherently difficult alignment, and

large amount of space. Ellipsoidal reflectors as shown in Figure 2 are

also used in prior art systems. Their problems also include high cost

and an unavoidable magnification of the image (i.e., a reduction in the

flux density}. Both of these systems tend to emphasize redirection of

themmdmumamountofﬂuxfromapointsourceattheexpenseofﬂme

flux density, as discussed above.

U.S. Patent No. 4,757 431, the embodiment of which is
incorporated herein by reference (Figure 3), describes an improved
condensing and collecting system employing an off-axis spherical
concave reflector which enhances the maximum flux illuminating a
small target and the amount of collectable flux density by a small tArget.
The off-axis spherical concave reflector described in this patent has
certain disadvantages, namely, astigmatism parallel to the direction of
the off-axis displacement and the physical limitations inherent in the
requirement to minimize this distance. The effect of astigmatism is to
deaeas_etheconoentratingefﬁciencydﬁtesystemandﬂ:etebyteduce
the flux collected at a target. The requirement to minimize the off-axis

~ distance between the source and the target (i.e., minimize astigmatic
distortion), imposes limitations on the physical dimensions of a source
and target of the described embodiment. The teachings of the use of a
deformable spherical concave reflector does not lead to the use of a
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U.S. Patent No. 4,757,431 is [err] 28 mm In practice this places the
optical fiber adjacent to the envelope. Substituting a toroidal reflector
“with r[err] =50 mmand r[err] =51.9 mm the optim zed position for a 1 mMm
optical fiber is y[err] = 10 mmand the total collected energy at the fiber
optic target is 40% greater than that ach#®evable fromthe conparable 50 nm
di.amet er spherical reflector taught by U S. Patent No. 4,757,431. Thus

y[err]/r > S[err], Sulae’ hlasriéﬂtofre enabl es
an optical fi uer@&fg%ﬁﬁt?‘%%@@’é’dﬁwom t hg‘dgnvel ope. This

i nprovenent al so f%ﬁ%ltates the use of lanps with a larger dianeter. Since
t he di aneter Iarrp is proportional to its operating
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watt‘age, a Iargér | anp envel ope allows the arc lanp to be operated at a
hsi.gher wat t age, thereby increasing the collectable flux. For the exanple

cited here, a higher wattage lanp with a 40 nm di aneter envel ope coul d be
used. Since nost arcs are not symetrical and differ in their x and y

di mensi ons, an inprovenent on the orded of 10%in coll ected radiation can
be reali zed by polishing a cylindrical optical fiber at an angle such that

the cross WQWW@N el l'i pse. By

~ The pi:esent invention represents an imj:rovement over the
 system disclosed in U.S. Patent No. 4,757 431 in three ways: (i) it

enhances the concentration and collection of radiation emitted by a
point-like source of electromagnetic radiation into a small target; (ii) it
increases the collectable flux into a small target, and (iii) it improves
the collection and coupling efficiency between a source of
electromagnetic radiation and a small target for any “off-axis optical
system” as described in USS. Patent No. 4757431, particularly in the
reduction of the preferred embodiment into practical systems.

To achieve these and other ijectivs, the present invention
employs as the primary optical element a concave reflecting surface
having different radii of curvature along two orthogonal axes (i.e., a
toroidal reflector), a source of electromagnetic radiation and a target |
(i.e., an optical fiber). The source and. target are located at similar
distances on opposite sides of the optical axis of the system which is
defined as the optical axis of the concave toroidal reflector (the "off-axis
reflector”). For concentrating maximum flux density at the mget, a
retro-reflector, pteferably of toroidal design or alternatively of spherical
design, is located behind the source to reflect and re-focus radiation
from and back through the source onio the toroidal reflector. The
retro-reflector together with the off-axis toroidal reflector act as a
system for maximizing the collectable flux density of radiation

This is the replacement sheet
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-25- changing the angle of the proximal end of the fiber fromnormal to the
optical axis, the longitudinal axis of the fiber optic target can be

pi voted or swiveled to maxim ze the collectable flux density and the
irradiation or illumnation of the target. The basic optical configuration
described herein can be expanded to i ™l ude a second concave refl ector
Merr] (i.e. retro-reflector). This retro-reflector is |ocated behind the

source to ﬁb@i&at@dchtr&tefﬁﬁgﬁt. f'l'hé(sj'ﬁteﬁi siibstantiallyninapeivesithesour ce onto
the toroidal reflector. The

collectable radxance at the target in two ways: (i) the toroidal design of
the reflectors substantially corrects for astigmatism caused both by the
cﬁ&axu;gaonuﬂryauuighqununﬂopecﬁtypnuﬂ*ﬂecuxunagnehc
radiation sources such as an arc lamp and (ii) the retro reflector
increases the effective brightness of the radiation source. The
maximum optical efficiency of the system is obtained by optically
matching the reflectors and target, while the maximum flux density at
the target and, in particular, collectable by an optical fiber as the target,
is obtained both by maximizing the system efficiency and optically
matching the source, reflectars, and target. Whereas prior art teaches
the use of ellipsoidal reflectors “on-axis" or deformable spherical
concave reflectors "off-axis," in practice the use of aspheric mirrors is
expensive. A significant advantage of the present system is the use of
very inexpensive aspheric mirrors, toroids, to concentrate light at a
target in which the collectable flux density at the target is insensitive to
the surface quality of the mirror. |
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concave reflector can be either spherical or toroidal. The inprovenent in
the collectable flux in using such a concave retro-reflector depends on the
characteristics of the source, source envel ope, off-axis toroid reflector,
and target and varies from10%to 75% The retro-reflector should be
optically matched to the source and its glass envelope (if present) as well
as to the toroidal reflector and target Fﬁ'produce a systemthat maxim zes
both collectable radiation flux and system efficiency. Toroidal designs are

superior for BRIEFDESCRIPTIONOF THE DRAWINGS osures) because they

facilitate the reduction of astigmatism caused by the aspheric envel ope.
Correction of this :

Figure 1 is a schematic illustration of a prior art condenser lens
system. '

Figure 2 is a schematic illustration of a prior art ellipsoidal lens
system.

Figure 3a is a schematic illustration in the x-z plane of a prior
art system employing 8 spherical reflector.

Figure 3b is a schematic illustration in the y-z plane of a prior
. art system employing a spherical reflector.

Figure 4a is a schematic illustration in the x-z plane of the
present invention. |

_ Figme%isasdwmaﬁcmus&aﬁonin&\ey-zplaneofﬂte -

Figure 5 is a coordinate system of the embodiment of the
pfesent invention.

~ry
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astigmati sm can produce inprovenents in total collected radiation flux by
20% over a spherical retro-reflector. A self-contained systemas shown
shematically in Figure 8 could be optinmzed with either a spherical or
toroidal retro-reflector depending on the target. -26- The opti cal
configuration described herein can be expapded to i nclude multiple off-axis
reflectors (as are discussed in the

AMENDED SHEET

Figure 6a is a ray diagram illustrating the optimum image
locations for a concave spherical reflector to maximize the

concentration and collection of radiation at a target.

Figure 6b is a ray diagram illustrating the optimum image
locations for a cbncave toroidal. reflector to maximize the
concentration and collection of radiation at-a target. Note that the
result of having two radii of curvature to compensate for optical

~ aberrations nearly collapses I} and I2 in a theoretiéal sense into the

circle of legst confusion. In a practical sense, I1 and I2 are at the
circle of least confusion (see Figure 6a) and the size of the image at
the circle of least confusion is larger than that of thé source |
depending on the extent to which the toroidal design is optimized.

i’igure 7a is a schematic illustration of the optical

configuration of Figure 3a expanded to include two off-axis and
two secondary rétro-reﬂectors.

Figure 7b reduces the two secondary retro-reflectors of
Figure 7a to a single nearly hemispherical-reﬂector having two
radii of curvature in orthogonal planes unequal (toroidal) or equal
(spherical) depending on the s;ource. |
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previously cited U. S. Patent 4,757,431) nmultiple retro-reflectors and
nultiple targets. The optical systemof Figure 4, without retro- reflector
M2, could accommpdate a total of four off-axis reflectors and four targets.
I ncl usion of the second reflector M2 reduces the systemto two off-axis
reflectors and two targets as shown i ~Figure 7. Figure 8 shows the
reduction of reflectors M in Figure 7 to a single nearly hem spheri cal

retro-reflector. &8 i§ astheindtRUildtiatici of the bptithDeonfigasdtioe! | ect or
woul d col |l ect el ecgmf)magnetl c radidation fromthe source over [err] 90 solid

angl e. |n_ jfoevideh¢hereflustons andwwai-eaﬁsambledamdsabhmmnymul d col | ect

over [err] 90 solid angle
fabricated as one self contained unit.

Figure 9 is an extension of the invention to include four targets
. coupled to the electromagnetic radiation source by four off-axis toroidal
reflectors.
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fromthe source, and the pair of reflectors Merr] and Merr] or the single
retro-reflector M2 of Figures 7a & 7b, respectively, would focus |ight back
t hrough the source over [err] 90[err] or [err] 180 solid angle
respectively. Figure 8 shows the reduction of the optical configuration in
Figure 4 in which the two reflectors and sources are assenbled and
substantially fabricated as one self-contained unit. In practice any

conbi nation of off-axis mrrors and retro- reflectors with a neans to
coupl e a t REATLED DESCRIREKOROE THE INVENIIGN i t her t hr ough a wi ndow or
fiber optic fitting could be fabricated as one self-contained unit.
Al t hough the nunber of off-
~ In the following description, for purposes of explanat = and
not limitation, specific details are set forth, such as particular numbers,
" dimensions, optical components, etc. in order to provide a thorough
understanding of the present invention. However, it will be apparent
to one skilled in the art that the present invention may be practiced in
other embodiments that depart from these specific details. In other
instances, detailed descriptions of well known devices and techniques
are omitted so as not to obscure the description of the present

invention with unnecessary detail.

A condensing, collecting, and concentrating optical system
built in accordance with this invention consists of three main .
components (Figure 4). The fourth, a retro-reflector, is optional, but
improves performance.

(1)  Source. An optical point source of electromagnetic
radiation. In the context of this invention, a point source is any
compact source of electrompeﬁc radiation whose angular extent is
small and emits flux into 4x stearadians. Typically, the linear angular
size of such a source is no more than 0.1 radian. For example, a typical
source may be an electric arc lamp with an arc gap of approximately 1
mm placed in front of a concave reflector at a distance of approximately
50 mm. In practice, such a source is an extended source. In the

This s ihe replacerent sheset

Bate: = » MAR 1997



axis mrrors could be increased beyond 4 for applications requiring nore

than 4 targets, in practice such an optical systemwould not maxim ze the
coll ectable flux density at the target. -27- CLAIMS 1. A system for
condensi ng, r concentrating, and coll ecting el ectromagnetic radiation to

provide a high intensity 10

preferred embodiment, this is a compact xenon arc lamp with an arc
gap <1 mm and a quartz lamp envelope or ceramic enclosure with a
quartz window. However, any source of electromagnetic radiation
which is of similar size to or smaller than the target may be used (e.g.,
fiber, filament lamp, gas dxs-charge lamp, laser, LED, semiconductor,
etd). The size of the electromagnetic source here is better defined by
the 1/e intensity of the intensity contour map which characterizes the
brightness (flux density over angular extent) of the source. Brightness
is related to the size of the arc gap and determines the theoretical limit
of coupling efficiency. For the specific case of an arc lamp, the contour
approximates axial symmetry and is a complex function of electrical
rating, electrode design and composition, gas pressure, arc gap size, and
gas eompositiox‘\. For the specific case of an arc lamp having an
aspherical curved envelope, the effective relative poeition and
intensity distribution of the source imaged by the reflector undergoes
aberration. This is caused by the shape of the envelope which
essentially functions as a lens and requires a compensating optical

" element. Optical compensation can be achieved elther by modifying
the design of the reflector to compensate for the astigmatism caused by
the envelope or by inserting a correcting optic between the off-axis
reflector (see below) and the target. Additionally, optical coatings can
be applied to the envelope to minimize Fresnel reflections and thereby

maximize collectable radiation at the target or to control and /or filter
the radiation flux. '
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i I'lum nation source having as nuch radiation flux as possible in a small

area, said systemconprising a primary el ectronagnetic radiation reflector
havi ng an optical axis and a substantially toroidal reflecting surface
concave to the source of electromagnetic radiation, said toroida

reflecting surface conprising radii of gyrvature of approximately 50 mm
varying in length with respect to each other by at least 1 nm a source of
el ectromagnetic radi ation | ocated near _a center of vature of said

reflector, but |at&al|y Reflester.aThe reflectosi(aff-axis) %emaa&fme%xi s o.f

said reflectqQr so as toq pr e
| ectromgneticpra%g:t%on #rom the source onto the target. Its optical

axis defines the Z axis of the system, relative to which both the source
and target are off-axis. In the context of this invention, the reflector is a
portion of a toroidal reflector concave relative to the source, the exact
design and placement for which depends on the characteristics of the
source and the target. In the preferred embodiment of this invention,
itsexactdsigndefmdsontheduracteﬁsﬁcsof&uesmuceand&xe
target. These characteristics are as follows: for the target (i) size, (ii)
shape, (iif) off-axis displacement (see below), and (iv) for a fiber optic -
target, the numerical aperture, diameter, and angle of the proximal end
relative to the off axis reflector, defined as the angle between the
transverse and longitudinal axes of the fiber; for the source, (i) size and
brightness, (ii) effective numerical aperture, and (iii) astigmatism
caused by the source envelope or enclosure if present. Optical coatings
can be applied to the surface of the reflector to enhance reflection or to
control and/or filter, the radiation flux. Additional astigmatic
correction can be accomplished with a lens or tilt plate inserted
between the reflector and target, with or without optical or dielectric

(3)  Target. .The target is a small object which needstobe
irradiated or iluminated with the highest flux density electromagnetic
radiation possible. In the preferred embodiment, it is a single optical
fiber with a diameter near 1 mm or smaller. The properties of the

This is the replacement sheet

Date: = o MAR 1997



. subst anti al | y focused i mage of said source upon reflection fromsaid

‘reflector, at a point laterally offset fromsaid optical axis by a second
“di stance, said substantially focused i mage point bei ng opposite the source

with respect to the optical axis of said reflector; and a target |ocated
near said substantially focused i

n&ge point of said reflector to collect
said el ectromagnetic radiation. 2%

The systemof claim1l, wherein said
toroi dal reflecting surface has a radius of curvature in a first plane

containing said optical axis, said source, and said target that is

optical fiber, diameter and numerical aperture, must be matched to the
optical characteristics of the system consisting of source and reflector.
The efficiency of collection and transmission can be enhanced or
| controlled by adding optical preparations to the input end of the fiber.
_Alternatively, the target can be a single optical fiber or a grouping of
| ' optical fibers having similar or dissimilar shapes, sizes, materials, and
numerical apertures and arranged either symmetrically or
 asymmetrically, The end(s) of the fiber(s) is (are) typically fiat-polished,
 perpendicular to the longitudinal axis (axes) of the fiber(s); however,
_the end proximal to the reflector can be polished at an angle (i) to
compensate both for the asymmetric image of the electromagnetic
* radiation source, such s an arc lamp and for astigmatism introduced
by the off-axis geometry and lamp envelope, (ii) to modify the relative
- numerical a'p.ertﬁre of the fiber to the optical collection system, and (iii)
to adjust for the relative angle of the longitudinal axis of the proximal
end of a fiber optic target relative to the optical axis of the system.

4) Retro-reflector. A retro-refiector reflects and re-focuses
radiation from and back through 8 source, effectively increasing the
bnghtness of the source by overlaying an inverted intensity
distribution of radiation onto the original source. In the preferred
embodiment of this invention, the retro-reflector is a portion of a
toroidal reflector concave relative to the source. In an alternative
embodiment, the retro-reflector is a portion of a spherical reflector. Its
exact designs depend on the shape and size of the source relative to the
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greater than a radius of curvature in a second plane containing said
optical axis and which is orthogonal to said first plane. -28- 3.
The system of claim 1, wherein said target is |located at a point of
maxi m zed concentrated flux density which is substantially coincident with
the substantially focused i mage point 413 The systemof claim1, wherein
said target is |located at
size of the target (and the numerical aperture in the case of a fiber optic
target) and the aspheric correction necessitated by the source envelope,
if any. Additionally, optical coatings can be applied to the surface of the
retro-reflector to enhance reflectivity, or to control, filter, and/or

attenuate radiation flux.

Figures 4a & 4b illustrate an idealized concentrating and
collecting system according to the present invention. On opposite sides
of the optical axis O of the system are a source SO and target T each
displaced a distance yO from the optical axis, defined by the center of
curvature and optical axis of toroidal reflector M3 (off-axis reflector).
(The optical axis of a toroidal reflector is defined as the normal to the
perpendicular intersection of the radii of curvature)) Also, a retro-
reflector M2 is located behind the source SO with the source ata
distance approximately equal to its radius of curvature. Although the
preferred embodiment includes this retro-reflector for maximal

* concentration of radiant flux density, it is not essential for condensing,
concentrating, and collecting radiation at the target.

As shown in Figure 4, the off-axis displacement, yO, is equal for
a source SO and target T. In the reduction to practice of the present
invention, the off-axis displacement of the source may be different
from that of the target. For the latter, the effective optical axis of the
system will lie between the target and the source and may be different
from the optical axis of the reflector. The exact location of effective
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a point of maxim zed concentrated flux density which is offset fromthe -
substantially focused i nage point. 5. The systemof claim1l, further
conprising an optical elenent placed between at |east one pair of said
source and said reflector, and said reflector and said target, form ng an
optical elenment selected fromthe group consisting of a corrective optic
for inproving the focus of said inage on said target, a corrective optic
treated with an optical preparation for controlling the spectral intensity
distribution of the source, an attenuating optical elenent for attenuation
of said electromagnetic radiation incident on said target and a filtering

optical ‘system optical axis in this case will depend on the numerical aperture

of the target and the effective numerical aperture of the reflector.
,When the optical axis of the off-axis reflector is not an exact description
of the system optical axis, the effective optical axis of the system is

.determined from a proper matching of the numerical aperture of the

. source to the effective numerical aperture of the reflector and the

_numerical aperture of the target. The effective numerical aperture of
the reflector will differ from the theoretical numerical aperture if that
partion of the reflector actually used to condense and concentrate light
within the acceptance angle of the target is smaller than the full
aperture, A1, in Figure 4. For systems in which the numerical aperture
of the target is less than that of the off-axis reflector the effective

numerical aperture of the refiector will be less than its theoretical
numerical aperture.

It will be observed that the geometry of the system illustrated
in Figures 4a & 4b is quite similar to that which is disclosed in US.
Patent No. 4,757 431, Figures 3a & 3b, shown here for comparison. As
explained in that patent, the use of a spherical reflector imposes the

" gestrictions that the square of the off-axis distance (yO2) divided by the
radiusofcurvatdreoftheoff-a:dsreﬂector(r)belessthan&\eextentof

.the source (50). As discussed below, this restriction is eased by the

" enhancements of the present invention.
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el ement for filtering said el ectromagnetic radiation incident on said
target. 6. The systemof claim1, further conprising a nechani cal

el enent pl aced between at | east one pair of said source and said reflector,
and said reflector and said target, for attenuating said el ectromagnetic
radi ation incident on said target.

15. The systemof claim11, further
conprising a secondary

Whereas the above-cited paltent teaches (i) that the source
relative to the spherical concave mirror should be placed at a distance
alongthezaadsequaltotheradiusqfcurvahnedfthenﬂrror and a
distance, yO, off-axis, such that (yO2)/r < SO and (ii) that the optimum
location for a target is then the image point defined as the circle of least
confusion, further analysis reveals that positioning the target at this
location is not neoessarﬂy optimum as defined in U.S. Patent No.

4,757 431. Tts exact location depends on the characteristics of the source,
of the reflectars, and/or of the transmissive optic(s) placed between the
target and the source. It also depends on the target and, in particular,
for an optical fiber, on its shape, size, numerical aperture (NA), and
cross sectional angle relative to the optical axis at the proximal end
relative to the off-axis reflector. The present invention, therefore, is an
optical system that mcteases and enhances the concentration and.

 collection of radiant flux at a target. It also increases and enhances the
degree of illumination of the target. In the case of a multimode optical
ﬁberasthetarget,ﬁteﬁbetmayactasanacﬁireelememmt
randomizes and scrambles transmitted radiant flux thereby eliminating

optical aberrations and optical memory. Figure 5 further illustrates the
coordinate system of one embodiment of the present invention.

Because the optical system of the ﬁresent invention can be
constructed with many variations in sources, targets, and optical
' components, the location of maximum collectable flux for a given -
target is defined as the location of maximum flux density for the

~eg L -
Tais ia
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concave retro-reflector placed generally behind the source wth respect to
said primary reflector so as to reflect electromagnetic radiation from and
back through said source such that an i mage of the source is forned
substantially coincident with said source. 8. The systemof claim7, in
whi ch the source and said secondary concadée retro-reflector are conbi ned
together as a S|ngle unit. 9. The systemof claim7, wherein said

ar oup. cons ot FPS %ﬁgépp%%{%ﬁ?%hiﬁ%ﬁﬁﬁwﬁafﬁi o oinciga™ e
substantial | yvhﬁ'i‘ihﬁ%cahon of maximum total flux density, total flux, or image
point (circle of least confusion). For targets placed at the image point,
the present invention provides an optical imaging system of increased
radiant flux density compared to what is achievable with prior art.
Nevertheless, this system may not be optimized to p_révide the
maximum theoretical collection efficiency. The optimum location for
- the placement of a target in the present invention will depend on the
characteristics of the target and can be classified as follows.

Case 1: For targets placed at the image point (circle of least
confusion) which are of similar size to or larger than that of the source,
the system has hpprd:dmﬁtely unit magnification. In this case the
system is typically optimized if a fiber optic target has a numerical
aperture equal to or larger than that of the off-axis mirror.

Case 2: For targets smaller than the source or for fiber optic
targets having a smaller numerical aperture than that of the off-axis
mirror of case 1, there exist toroids specific for a given source and a
target that optimize the collectable flux density at the target which may
be different than case 1. Hence, for a target described by case 2, there is &
corresponding optimized toroid for a given source. These systems of
sources and targets of unmatched size, having specifically optimized
off-axis toroidal reflectors, image ata magnification approximately
equal to unity as in case 1 and the target is placed at the image point.
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“reflector. 10. The systemof claim7, in which a reflective surface of
at least one of the primary and secondary reflectors is tTeated with an
optical preparation for controlling the spectral intensity distribution of
t he source. 11. The system of claim 1, wherein said second distance is
substantially equal to said first dist@nce. 12. The system of claim 1,
wherein said second distance differs fromsaird first distance such that an

effective optical axis [err]

Case 3: For practical systems involving a givén source and a
toroidal reflector optimized for a target of specified characteristics (e.g., -
diameter, shape, numerical apertu.fe for a fiber optic target as discussed
inJumesl;uuiZL|mn:ofswdnan&qﬂhnﬁuuiswﬂaﬁivﬁﬂutmqyﬁslunﬁng
shmsortuungdkdlqpuhnzsoﬂumthanthnmaofﬂueqpﬁnﬁzédhuget _
may require different positioning of the target and the reflector relative
to the source. In case 3, the system deviates from unit magnification in’
that the toroidal reflector typically must be translated along the z-axis
and positioned relative to the source at a distance so as to optimize the
positioning of that portion of the reflector-surface which concentrates
the maximum flux density within the angle of acceptance of the target.
Relative to cases 1 and 2, the Jocation of the target may differ
substantially and the effective numerical aperture of the reflector is
matched to the numerical aperture of the target. The effective optical
axis of the system may also differ from the idealized geometry of
Figure 4. |

' In systems characterized by case 3, there may exist a locus of
points having similar collectable flux densities for a given target
dependingonthe characteristics of the source. For arc sources and
other similar extended sources, that portion of the intensity contour
collectable by a fiber optic target will vary with target size and with
numerical aperture of both target and off-axis mirror. Hence, that
portion of the source actually imaged or .collected at the target varies.
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-30- system bisects the sumof said first and second di stances and is
angularly offset fromthe optical axis of said reflector. 13. A system
for condensing, concentrating, and collecting light to provide a high
intensity light source for illum nation having as nmuch radiation flux as
possible in a small area, said systemMonprising: a primary el ectromagnetic
radi ation reflector having an optical axis and a substantially toroidal .

For small targets there may exist more than one part of the intensity
contour that produces the same collectable flux density at the target,
embﬁﬁgﬁm target tobe placed at a locus of points to achieve similar
collectable flux densities. Thus for case 3, the system is said to
concentrate rather than image flux density from the source at the
target. In this case for which a locus of points of similar flux densities
exist fora given target, the size of the target will always bé smaller than
thatofﬁ\esourceandthesoumewillhaveanmte-x-lsitycontourﬂ\at
will vary over its nominal size.

_ In the present invention and in U.S. Patent No. 4,757431, the
~ degradation of the radiant flux of the source at the focal point, image

point, or location of the target is primarily caused by astigmatism
produced in the y-direction by the off-axis geometry. Secondarily, for a
source containing a glass envelope, such as an arc lamp, astigmatism is
caused by the aspherical shape of the glass envelope itself. In US.
Patent No. 4,757 431 the deficiency of the spherical reflector is that the
projection of the rays onto the y-z plane converge closer to the reflector
than do the projection of the rays onto the x-z plane. The current
invention improves on the teachings of this patent in the substitution
of a toroidal surface having its longer radius of curvature along the y-
axis and shorter radius of curvature along the x-axis. The difference in
radii causes the convergence of rays in the y-z plane to be repositioned
to coincide with that in the x-z plane. This substitution reduces the
size of the focal point by reducing the total system astigmatism, thereby
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reflecting surface with radii of curvature having | engths of approxi mately
50 nm and varying in length with respect to each other by at |east one

mllimeter to obtain an image point of high flux density proximate to said
source; a light source | ocated near the optical .axis of said reflector but
offset a first distance fromthe opti™ axis of said reflector so as to
focus and concentrate the |ight of sai d source at an inmge point offset

from the gjthGitreaking e éoncéntetingcpoweroftheasptichl dystemand sai d i mage
poi nt bei ng opp03|te said light source with respect to the optical axis of

said refl &mamllattablelraﬂid!ttrﬂmaagﬂhe mgehglmth@specﬁcmsend t her eof
ocated ne:fra tsazi'lget bemg placed at the cirdle of least confusion, a toroidal

reflector subsbanually reduces the size of the image. For example,

mmpaﬁmn of the maximum attainable flux, collected byalmm

diameter optiéal fiber from a xenon arc lamp having a nominal 1 mm

arc gap, from a spherical reflector and a torcidal reflector, each having

the same NA and effective radius, has shown that a toroidal reflector

can increase the maximum collectable flux by greater than 40%.

~ Another advantage of a toroidal over a spherical reflector is its

adaptability in reducing and compensating for aberrations in off-axis
geometries when non-ideal point sources (e.g., extended sources with

| aspherical glass envelopes) are used. By rotating the toroidal reﬂector
aroundthez-gns_uxspossibleto compensatesforanyofﬁlese
aberrations and thereby adjust for the practical variations in
manufacturing tolerances of components in the optical system. This
rotation adjus;is the effective focal lengths defined by the radii of |

~ curvature along. e x-z and y-z planes and thereby concentrates the
radiation flux density to a maximum extent. Thus rotation of the
toroidal reflector optimizes the flux density at the target by adjusting

- the radii of curvature to compensate for the particular aberrations in
the system. |
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image point of said reflector. 14. The system of claim 13, wherein said
second distance is substantially equal to said first distance. 15. The
system of claim 13, wherein said second distance differs fromsaid first

di stance such that an effective optical axis of the system bisects the sum

of said first and second distances and is angularly offset fromthe optical
axis of said reflector. '

-20- | AMENDED SHEET

A practical improvement of the current invention over the
previously cited patent is the capability to optimize the flux density
at the target for targets of varying size. Whereas larger targets of -
similar dimensions to the source are positioned for maximum
flux at or near the circle of least confusion, as defined in U.S.
Patent No. 4,757,431, smaller targets may not be. For example, in a
specific case of a toroidal reflector (r1x = 50 mm, riy =51.9 mm)
used to concentrate maximum energy at a fiber optic target,
.sﬁbstantial differences in the location of the fiber occur depénding'
on fiber diameter and NA. When the fiber-diameter (1-mm) is
similar in size to the size of source and its NA matches that of the
reflector, the fiber is located near the circle of least confusion as |
defined by the téachings of U.S. Patent No. 4,757,431, whereas
when the NA is substantially smaller, its location for maximum
cdlléctablg flux density can vary by 0.5 mm. For two fibers each
having a diaméter similar to the size of the source but differing in
numerical aperture by approximately a,faétor of 2, the locations of

- each for which flux density is maximized differ by 1.5 mm, because
the image points of maximum brightness depend on the angular
distribution of flux density which must be optimized for |
numerical aperture at the target relative to both the NA of the
reflector and the ‘brighmess of the source. Although small
differences of < 50 um in location relative to the size of the fiber or
the size of the source make no measurable difference in the
collectable flux transmitted through the target, larger dislocations
clearly have a measurable impact. To find the location of-

maximum collectable flux density for a given target
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16. The. system of claim 13, wherein said toroidal refl ect | ng surface has
a radius of curvature in a first plane containing the optical axis of said
reflector, said source, and said image point that is greater than said
radius of curvature in a second plane containing the optical axis of said
refl ector and which is orthogonal to sa2®d first plane. 17. The system of
claim 13, wherein said toroidal reflecting surface has a radius of
curvature in a firste Bk ' '.ragu-gg%tﬁ | afrrat g8t d reflector
and said soGﬁﬂE"Fﬁép"'% greta er tﬁ%n sal I’gélf us o@cﬁlre?/lg?ure in a second
pl ane_cont ai, ol g hldd GptiEAByshithS, BrgCanid eleefdr) the Psitforihpvrageal 1o
said first pFHHE e?gﬁ{:ﬂeyl y 13 D thé plos g

ocatlon-of said target
target may be different from that of matched optical systems for a given

source.

US. Patent No. 4,757,431 teaches that the collecting and
condensing system is NA independent. The l;resent off-axis collection
system requires that the NA's of the fiber optic target(s) and off-axis
reflector(s) be matched or optimized to achieve maximum collectable
flux density. For unmatched systems, the reflector must have a NA
that is greater than tﬁat of the target to achieve maximum collectable
flux by a fiber target. For radiation emitting sources, high NA targets
and reflectors provide for maximum optical and collection efficiency
resulting in maximum concentration of flux @ensity at the targe't..,An
optimized system involves matching the.chafactérisﬁcs of the source to
those of both the off-axis reflector and the target. This involves, for an
arc lamp or gas discharge lamp as source, matching the brightness; i.e.,
intensity contour over the angular extent of the source, to the optical
characteristics of the system. For any given set of characteristics
describing the off-axis reflector and the target, there is an optimum arc
size and effective NA that will produce the highest brightness source
able to be coupled maximally to the target. -

In the idealized embodiment of the present invention shown
in Figure 4, the source (SQ) and target (T) are located at focal points
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lies above or below said first plane. 18. The systemof claim 13, in
-which said target is |ocated at a point of maxim zed concentrated fl ux

density which is substantially coincident with the image point. 19. The
systemof claim 13, in which the target. is |ocated at a point of nmaxim zed
concentrated flux density which is offset fromsaid image point. 20. The

system of claim 13, further conprisi®@ an optical elenent placed between at
| east one pair of said source and said reflector, and said reflector and

sai d tar gggui-Htah dhd Bnidppésite 18EOF the optical axis of toroidal
reflector M1, also defined as the system optical axis. The y-z plane is
said to contain the source, target and optical axis. In the specific case of
an arc lamp as a source (Figure 5), an x-axis is said to be parallel to the
longitudinal axis of the source, defined by the electrodes of the arc gap.
The y-z plane containing the optical axis may or may not coincide with
the plane containing the arc and fiber optic hrg’et. At times it may be
desirable to have either 8 xOorgx O orboth, the exact values
depending on the dﬁxjacteristicsof the arc, the reflector, optional
transmissive optic(s)r and the optical fiber. In practice, the collectable
flux and system efficiency may be increased by 5-10% by tilting the
plane of the optical axis £ * 5° and/or g * 5° to achieve optical matching
of an arc lamp source and fiber characteristics or to locate the target
above or below the y-z plane.

A more nearly ideal reduction of the pr&ent'invéntion to
practice requires construction of a sou:fce, such as an electric arc lamp,
that houses both the off-axis mirror and retro-reflector in the same
enclosure as that containing the source. The fiber optic target may be
plaeedei&xerintemalorextemaltothgenclosure. When it is internal,
the fiber is mounted permanently as a part of the fully enclosed
assembly of source, off-axis mirror, and retro-reflector. When it is
external, either a window placed near the optimal location of a fiber
optic target (Figure 8) or a fiber optic coupling mechanism is used to
couple the focused_-image of the source to the fiber optic target. The
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-32- selected fromthe group consisting of a corrective optic for inproving
the focus of said image on said target, a corrective optic treated with an
optical preparation f.or controlling the spectral intensity distribution of
t he source, an attenuating optical elepent for attenuation of said

el ectromagneti c radi ation incident onZi d target and a filtering optical

el enment for filtering said el ectromagnetic radiation incident on said

performance of such 8 device will depend on whether the off-axis
mirrors are toroidal or spherical and the extent to which the
configuration is displaced off-axis. For the case in which the off-axis
displacement is minimized, the performance of spheriéal and toroidal
reflectors will be similar. This construction eliminates aberrations that
are inherent in aspheric glass envelopes associated with short arc gap
lamps, and, therefore, spherical, on-axis retro-reflectors will perform as
well as toroidal designs. Arc lamps constructed without aspheric glass
envelopes, such as those constructed with ceramic enclosures and a
window(s), are able to avoid envelope-induced aberrations and to

simulate near ideal conditions without enclosing the source and optics
ina smgle enclosure.

US. Patent No. 4,757,431 teaches that the use of a spherical |
reflector imposes the restriction that y02/r<SQ. This restriction limits
the physical design of the system by requiring that the target be placed,
in practice, at the minimum off-axis distance which is adjacent to the
envelope. By contrast, the radii (r1X & riy) of the toroidal reflector can
be chosen such that this restriction on the value of yo2/r is
considerably relaxed. This allows for additional space between the
source/source envelope and the target. The additionsl space
eliminates potential obstruction of the focal point by the envelope and
permits the placement of optical elements (e.g., filter, correcting tilt
plate, lens, etc.) or mechanical elements (e.g., shutter, iris, etc.) to '
attenuate, control, and/or filter the radiant flux density incident on the
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target. ~21. The system of claim 13, further conprisi-ng a secondary
concave retro-reflector placed generally behind the source with respect to
said primary reflector so as to reflect [ight fromand back through said
source such that an image of said source is forned substanti al'ly coi nci dent
wi th said source. 22. The system oPclaim 21, in which the |ight source
and sai d secondary concave retro-reflector are fabricated and nounted.

il i e il o 4 vty i s 7 21

obtain the maximum collectable flux with a spherical reflector with r =

~ 50 mm and SO * 1 mm, yO is restricted to be no greater than * 7 mm.
Since the maximum envelope diameter is 4yQO consistent with both of
the constraints that y02/r<SO and that the off-axis distancebe a
minimur, the maximum diameter of the lamp enveloi‘i’e required by
US. Patent No. 4,757,431 is * 28 mm. In practice this places the optical
fiber adjacent to the envelope. Substituting a toroidal reflector with r1x
= 50 mm and r1y =51.9 min, the optimized position for a 1 mm optical
ﬁberisyo=10mm.andthetotaleollectedenergyattheﬁberoptic
target is 40% greater than that achievable from the oompar&ble 50 mm |
diameter spherical reflector taught by U.S. Patent No. 4,757431. Thus
yO2/r > Sp for the invention described here and this feature enables an
optical fiber target to be placed away from the envelope. This |
improvement also facilitates the use of lamps with a larger diameter.
Since the diameter of an arc lamp is proportional to its operating
wattage, a larger lamp envelope allows the arc lamp to be operated at a

| higher wattage, thereby increasing the collectable flux. For the example

- cited here, a higher wattage lamp with a 40 mm diameter envelope
could be used.

Since most arcs are not symmetrical and differ in their x and y
Mm, an improvement on the order of 10% in collected
- radiation can be realized by polishing a cylindrical optical fiber at an
angle such that the cross sectional area resembles an ellipse. By
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retro-reflector conprises a reflector selected fromthe group consisting of
an approximately spherical reflector and a substantially toroidal
reflector. 24. The system of claim 21, wherein a reflective surface of
at | east one of the primary and secondary reflectors is treated with an
-33- optical preparation for controllbgg the spectral intensity
di stribution of

changing the angle of the proximal end of the fiber from normal to the

* optical axis, the longitudinal axis of the fiber optic target can be pivoted
or swiveled to maximize the collectable flux de:isity and the irradiation

or illumination of the target.

The basic optical configuration described herein can be
expanded to include a second concave reflector M2 (i.e. retro-reflector).
This retro-reflector is located behind the source to reflect and re-focus
flux from and back through the source onto the toroidal reflector. The
concave reflector can be either spherical or toroidal. The improvement
in the collectable flux in using such a concave retro-reflector depends

on the characteristics of the source, source envelope, off-axis toroid
reflector, and target and varies from 10% to 75%. The retro-reflector
should be optically matched to the source anditsglaés envelope'('if
present) as well as to the toroidal reflector and target to produce a
system that maximizes both collectable radiation flux and system
efficiency. Toroidal designs are superior for sources having glass
envelopes (enclosures) because they facilitate the reduction of
astigmatism caused by the aspheric envelope. Correction of this -
astigmatism can produce imi:rovements in total collected radiation
flux by 20% over a spherical retro-reflector. A self-contained system as
shown schematically in Figure 8 could be optimized with either a
spherical or toroidal retro-reflector depending on the target.
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t he source. 25. The system of claim 13, wherein the collection end of
said optical fiber target is polished at an angle substantially

perpendi cular to a longitudinal axis of said optical fiber target. 26.

The system of claim 13, wherein the collection end of said optical fiber .
target is polished at an angle substantiglly inclined with respect to a

pl ane perpendicul ar to a | ongitudinal aX of said opt AMBNDED, SHEBP get .
27. The systemof claim 13, wherein said optical fiber target is

conpri sed of a pl urEheoptisal Gpnflgaraﬁmmeiescmbadllmtemm berexpanded

to include muitiple off-axis reflectors (as are discussed in the

previously cited U.S. Patent 4,757,431) multiple retro-reflectors and
multiple targets. The oftical system of Figure 4, without retro-

reflector M2, could accommodate a total of four off-axis reflectors
and four targets. Inclusion of the second reflector M2 reduces the
_system to two off-axis reflectors and two targets as shown in Figure
7. Figure 8 shows the reduction of reflectors M2 in Figure 7 to a |
single nearly hemispherical retro-reflector. In the case of four off-
axis reflectors, each reﬂeét& would collect electromagnetic
radiation from the sourc'é over * 90° solid angle. In the case of two
off-axis réflectors,_each reflector would collect over * 90° solid angle
_ from the source, and the pair of reflectors M2 and M2'or the single
retro-reflector M2 of Figures 7a & 7b, respectively, would focus
light back through the source over * 90° or * 180° solid angle
respectively. Figure 8 shows the reduction of the optical
configuration in Figure 4 in which the two reflectors and sources
are assembled and substantially fabricated as one self-contained
unit. In practice any c;)mbination of off-axis mirrors and retro-
reflectors with a means to couple a target to the concentrated flux
density either through a window or fiber ophc fitting could be _
fabricated as one self-contained unit. Although the number of off-
axis mirrors could be xncreased beyond 4 for apphcahons requiring

more than 4 targets, in practice such an optical system would not
maximize the collectable flux densxty at the target.
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28. The system of claim 27, wherein said plurality of optical fibers
have substantially identical optical properties. 29. The system of claim
27, wherein said plurality of optical fibers are selected fromthe group
consi sting of optical fibers having substantially different dianmeters,
optical fibers having substantially diffggent nunerical apertures, optical
fi bers having substantially different shapes and optical fibers having
substantially different material conpositions.

CLAIMS AMENDED SHEET

1. A system for condensing, concentrating, and |
collecting electromagnetic radiation to provide a high intensity
illumination source having as much radiation flux as possiBle ina
small aréa, said system comprising:

a primary electromagnetic radiation reflector having an
optical axis and a substantially toroidal reflecting surface concave
to the source of electmmagﬁetic radiation, said toroidal reflecting
surface comprising radii of curvature of approxiniately 50 mm
varying in length with respect to each other by at least 1 mm.

a source of electromagﬁetic radiation located near a center
of curvature of said reflector, but laterally offset a ﬁrst. ﬁistance
from the optical axis of said reflector so as to produce a |

-substantially focused image of said source upon reflection from
said reflector, at a point laterally offset from said optical axis by a
second distance, said substantially focused image point being
opposite the source with respect to the optical axis of said reflector;
and '

a target located near said substantially focused image point
of said reflector to collect said electromagnetic radiation.

2.  The system of claim 1, wherein said toroidal
reflecting surface has a radius of curvature in a first plane
containing said optical axis, said source, and said target that is
greater than a iad_ius of curvature in a second plane containing

said optical axis and which is orthogonal to said first plane.
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- 34- 30. The system of claim 27, wherein the collection end of at | east
one of said optical fibers, bundled together as said target, is polished at
an angle substantially perpendicular to a |longitudinal axis of said optical
fiber. 31. The system of claim 27, wherein the collection end of at

| east one of said optical fibers, bu%g_: ed together as said target, is
polished at an angle substantially i ined wwth respect to a pl ane
perpendi cular to a longitudinal axis of said optical fiber.

3. The system of claim 1, wherein said target is located at
a point of maximized concentrated flux density which is substantially
coincident with the substantially focused image point.

4. The system of claim 1, wherein said target is located at
a point qf maximized concentrated flux density which is offset from the
substantially focused image point.

5. . | The system of claim 1, further comprising an optical
element placed between at least one pair of said source and said
reflector, and said reflector and said target, forming an optical element

 selected from the group consisting of a corrective optic for improving
the focus of said image on safd target, a corrective optic treated with an
optical preparation for eomrollin'g the spectral intensity distribution of
thé mmé, an attenuating optical element for attenuation of said
electromagnetic radiation incident on said target and a filtering optical
element for ﬁltenng said electromagnetic radiation incident on said
arget. : .

6. The system of claim 1, further comprising a
mechanical element placed between at least one pair of said source and
said reflector, and said reflector and said target, for attenuating said
electromagnetic radiation incident on:said target.
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32. The system of claim 13, wherein at |east one of thé ends of said
fiber optic target is treated with an optical preparation: 33. The
system of claim 27, wherein at |east one of the ends of at |east one of
said optical fibers, bundled together as said target, is treated with an
optical preparation. 34. The systeM®of claim 13, wherein said primary
reflector has a nunerical aperture optically nmatched to at | east one

characteristic of7.said fnxb@ysmiaf diainy a1, fufther comirisingsd smo:{d&yai m 13,
wherein said |ight source, said primary reflector and said fiber optic
target are copcaverétyo+refletted placed generally behind the source with respect

to said primary reflector so as to reflect electromagnetic radiation from

and back through said source such that an image of the source is

formed substantially coincident with said source.

8. The system of claim 7, in which the source and said
. secondary concave retro-reflector are combined together as a single

unit.

9. The system of claim 7, wherein said secondary concave
retro-reflector comprises a reflector selected from the group consisting
of an approximately sphérical reflector and a substantially toroidal
reflector. -

- 10. The system of claim 7, in which a reflective surface of
at least one of the primary and secondary reflectors is treated with an
optical preparation for controlling the spectral intensity dis_tribuﬁdn of
the source.

11. The system of claim 1, wherein said second distance is
substantially equal to said first distance.

12 The system of claim 1, wherein said second distance
differs from said first distance such that an effective optical axis e’

Ty s v epcaman s
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36. The system of claim 13, wherein the |ight source is selected from
the group consisting of an AC electric arc lanp, a DC electric arc lanp, a
gas-discharge lanp, a filament |anp, a sem conductor, an optical fiber
emtting el ectromagnetic radiation, and a wave guide emtting

el ectromagnetic radi ati on. 37. The system of elaim13, wherein the light .

emtted by said |ight source conprises |i gl't'-’to-sel ected fr ﬁl’?@D BERT
consi sting of AME =

system bisects the sum of said first and second distances and is
angularly offset from the optical axis of said reflector.

13. A system for condensing, concentrating, and
collecting light to provide a high intensity light source for
illumination having as much radiation flux as possible in a small
area, said. Systein comprising: a primary electromagnetic radiation
reflector having an optical axis and a substaﬁtially toroidal
reflecting surface with radii of curvature having lengths of
approximétely 50 mm and varying in length with respect to each
other by at least one millimeter to obtain an image point of high |
flux density proximate to said source; a light source located near the
optical axis of said reflector but offset a first distance from the
optical axis of said reflector so as to focus and concentrate the light
of said source at an image point offset from the optical axis of said
reflector by a second' distance, said image point beiné opposite said
light source with respect to the optical axis of said reflector; and an
optical fiber target having a collection end thereof located near said
image point of said reﬂecfor.

14.  The system of claim 13, wherein said second distance
is substantially equal to said first distance.

15. The system of claim 13, wherein said second
distance differs from said first distance such that an effective optical
axis of the system bisects the sum of said first and second distances
and is angularly offset from the optical axis of said reflector. |

* ¢ L L} S * : Aot
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conti nuous-wave |ight, pulsed light, coherent |ight, non-coherent Iight,
nmonochromatic |ight, broad-band |ight, and narrow band Iight. 38. The
system of claim.13, wherein said |light source and said prinmary reflector
are fabricated and mounted substantially as one.unit within a single

encl osure and are coupled to said opt'i:_al fiber target. 39. The system
of claim13, in which said optical fiber target is nounted external to said
encl osure. 40. The system of claim 38, in which said optical fiber

target is nounted internal to said enclosure.

16.  The system of claim 13, wherein said toroidal reflecting
surface has a radius of curvature in a first plane containing the optical
axis of said reflector, said source, and said image point that is greater
than said radius of curvature in a second plane containing the optical
axis of said reflector and which is orthogonal to said first plane.

17. The system of claim 13, wherein said toroidal reflecting
surface has a radius of curvature in a first plane containing the optical
axis of said reflector and said source that is greater than said radius of
curvature in a second plane containing the optical axxs of said reflector
and is orthogonal to said first plane, where the location of said target
lies above or below said first plane.

18.  The system of claim 13, in which said target is located
at a point of maximized concentrated flux density which is
substahﬁally coincident with the image point.

19.  The system of claim 13, in which the target is located at
a point of maximized concentrated flux density which is offset from
said image point. ' |

20. The system of claim 13, further comprising an optical
element placed between at least one pair of said source and said

reflector, and said reflector and said target, forming an optical element

) 0 | . Trie s the raplacament shea
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41. The system of claim 13, further conprising a nechanical el enent

pl'aced between at |east one pair of said source and 'said reflector, and
said reflector and said target, for attenuating said el ectronagnetic
radi ation incident on said target. 42. The system of claim 21, wherein

said light source, said primary reflectpr and the secondary reflector are
fabricated and nmounted substantially aS one unit wthin a single enclosure
and are

selected from the group consisting of a corrective optic for improving
the focus of said image on said ta.'rgét,'a corrective optic treated with an
optical preparation for controlling the spectral intensity distribution of
the source, an attenuating optical element for attenuation of said
electromagnetic radiation incident on said target and a filtering ophcal

element for filtering said electromagnehc radiation incident on said
target.

21.  The system of claim 13, further comprising a secondary
concave retro-reflector placed generally behind the source with respect
to said primary reflector so as to reflect light from and back through
said source such that an image of said source is formed substantially
coincident with said source.

22. The system of claim 21, in which the light source and
said secondary concave retro-reflector are fabricated and mounted
substantially within a single enclosure.

23.  The system of claim 21, wherein the secondary concave
retro-reflector comprises a reflector selected from the group consisting
of an appro)cimately sphencal reflector and a substantially toroidal

24. The system of claim 21, wherein a reflective surface of
at least one of the primary and secondary reflectors is treated with an

* c L M H %
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coupied to said optical fiber. 43, The system of cllaim42, in which said
optical fiber target is mounted external to said enclosure. 44. The
system of claim42, in which said optical fiber target is nounted internal
to said enclosure. 45. The system of claim 21, wherein the primary and
secondary reflectors are fabricated3&s one unit conprising a reflecting
surface optically matched to said Ilght source and said fiber optic target.

ref | ect o?@“%‘sn%f%‘gh&s‘?ﬁg}‘é Fgﬂﬁ tor 'EI Caﬁﬁﬁgﬁymﬁbﬁswndary

ched to
the source.

25. The system of claim 13, wherein the collection end of
said optical fiber target is polished at an angle substantially
perpendicular to a longitudinal axis of said optical fiber target.

26. The system of claim 13, wherein the collection end of
said optical fiber target is polished at an angle substantially inclined
with respect to a plane perpendicular to a longitudinal axis of said
optical fiber target.

27. The system of claim 13, wherein said optical fiber target
is comprised of a plurality of optical fibers bundled together.

28. The system of claim 27, wherein said plurality of
optical fibers have substantially identical optical properties.

2. The system of claim 27, wherein said plurality of
optical fibers are selected from the group consisting of optical fibers
having substantially different diameters, optical fibers having
substantially different numerical apertures, optical fibers having
substantially different shapes and optical fibers havmg substantially
different material composmons

”llllll "II"“I""I,I " III, Thiz.i the replacement shiget
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said |1 ght source and said fiber optic target. 47. A system for.
cdndensi ng, concentrating, and collecting light to provide a high intensity
source for illum nation having as nuch radiation flux as possible in a
smal | area, said system conpri sing: -37- a first primary reflector

having a first optical axis and a firs¥substantially toroidal reflecting
surface with a center of curvature;

30. The system of claim 27, wherein the collection end of
at least one of said optical fibers, bundled together as said target, is

polished at an angle substantially perpendicular to a longitudinal axis
of said optical fiber. |

31.  The system of claim 27, wherein the collection end of
at least one of said optical fibers, bundled together as said target, is
polished at an angle substantially inclined with respect to a plane
perpendicular to a longitudinal axis of said optical fiber.

32. The system of claim 13, wherein at least one of the
ends of said fiber optic target is treated with an optical preparation.

33. The system of claim 27, wherein at least one of the
ends of at least one of said optical fibers, bundled together as said target,
is treated with an optical preparation.

3. The system of claim 13, wherein said primary reflector
has a numerical aperture optically matched to at least one characteristic
of said fiber optic target.

35.  The system of claim 13, wherein said light source, said
primary reflector and said fiber optic target are optically matched.

—_—_—
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a second primary reflector having a second optical axis and a second
substantially toroidal reflecting surface with a center of curvature; a

i ght source | ocated near an intersection of the first and second opti cal
axes but offset a first distance fromsaid intersection so as to focus and
concentrate the Iight of said source atd%irst and second inage points

offset fromsaid first and second opt i cal axes respectively by a second
di stance, said fi rgg. [ MBE§ )

i3l ol W th
respect to said fiTst optlca aX|s of sal flrsé{’olrtﬂ?ralﬁ re %tqgr and said

second i rragesewéaﬁk&#, Eo?lafsi‘ir% ‘E!éﬁc‘ﬂr&'laﬁﬁﬁmto sai d.
second optical axis sa:égaa cond pri J:.ry reflector;

electric arc lamp, a gas-discharge lamp, a filament lamp, a _
semiconductor, an optical fiber emitting electromagnetic radiation, and
a wave guide enﬁtting electromagnetic radiation.

37. The system of claim 13, wherein the light emitted by
said light source comprises light selected from the group consisting of
continuous-wave light, pulsed light, coherent light, non-coherent
light, monochromatic light, broad-band light, and narrow-band light.

38. The system of claim 13, wherein said light source and
said primary reflector are fabricated and mounted substantially as one

unit within a single enclosure and are coupled to said optical fiber
target. | '

39.  The system of claim 13, in which said optical fiber
target is mounted external to said enclosure.

40. The system of claim 38, in which said optical fiber
target is mounted internal to said enclosure.

41, The system of claim 13, further comprising a
mechanical element placed between at least one pair of sa1d source and

AR 0 A O s s tre replacement sheet
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a first optical fiber target having a collection end thereof |ocated near
the first inage point; a second optical fiber target having a collection
end thereof |ocated near the second i mage point. 48. The system of claim
47, wherein the first and second primary,reflectors are fabricated as a
single reflector. 49. The system of aim47, further conprising first
and second secondary concave retro-reflectors placed generally behind the
source with saidrefiector, and shid seflector and saitl tanget, for atteramtingssaid
respectively, so as to reflect light fromand back through the source
electromagnetic radiation incident on said target.

42, The system of claim 21, wherein said light source, said
primary reflector and the secondary reflector are fabricated and
mounted substantially as one unit within a single enclosure and are
coupled to said optical fiber.

43. The system of claim 42, in which said optical fiber
target is mounted external to said enclosure.

44. The system of claim 42, in which said optical fiber
target is mounted internal to said enclosure. |

45. The system of claim 21, wherein the primary and
secondary reflectors are fabricated as one unit comprising a reflecting
surface optically matched to said light source and said fiber optic target.

46. Thesystemofdaimﬂ,whereinsaidprimaryandsaid
secondary reflectors comprise a single reflector optically matched to
said light source and said fiber optic target.

47. A system for condensing, concentrating, and collecting
light to provide a high intensity source for illumination havmg as

much radiation flux as possible in a small area, said system comprising:

”“I“I l“l“l““ “||I " l“' THig ip the reslacement sheet
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-38- such that first and second i mmges of the source are forned
substantially coincident wwth the source. 50. The system of claim49,
wherein the light source, first and second prinmary reflectors and first and
second secondary reflectors are fabricatgg and nounted substantially as one
unit within a single enclosure and coupléd to said first and second opti cal

a first primary reflector having a first optical axis and a first

substantially toroidal reflecting surface with a center of curvature;

a second primary reflector having a second optical axis and a second

substantially toroidal reflecting surface with a center of curvature;

a light source located near an intersection of the first and second optical

axes but offset a first distance from said intersection 50 as to focus and

concentrate the light of said source at first and second image points

offset from said first and second optical axes respectively by a second

distance, said first image point being opposite said light source with

respect to said first optical axis of said first primary reflector and said

second image point being opposite said light source with respect to said

second optical axis of said second primary reflector;

a first optical fiber target having a collection end thereof located near:

the first image point; |

a second optical fiber target having a collection end thereof located near

the second image point.

48. The system of claim 47, wherein the first and second
primary reflectors are fabricated as a single reflector.

49.  The system of claim 47, further comprising first and
- second secondary concave retro-reflectors placed generally behind the
source with respect to the first and second primary reflectors,
respectively, so as to reflect light from and back through the source

-
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fiber targets. 51. The systemof claim1, wherein said radii of curvature

of said toroidal reflecting surface conprise | engths between 40 nm and 55
mm 52. The system of claim 1, wherein said radii of curvature of said

toroidal reflecting surface conprise lengths of 50.0 mmand 51.9 mm 53.

The systemof claim 13, wherein said radii-3gf curvatur gughped éug@qoi dal
reflecting surface conprise | engths between 40 mmand 55 mm

such that first and second images of the source are formed
substantially coincident with the source. '

50.  The system of claim 49, wherein the light source, first
. and second primary reflectors and first and second secondary -
reflectors are fabricated and mounted substantially as one unit

within a single enclosure and coupled to said first and second optical
fiber targets.

51.  The system of claim 1, wherein said radii of
curvature of said toroidal reflecting surface -comprise lengths

between 40 mm and 55 mm.

52.  The system of claim 1, wherein said radii of

curvature of said toroidal reflecting surface comprise lengths of
50.0 mm and 51.9 mm.

53.  The system of claim 13, wherein said radii of

curvature of said toroidal reflecting surface comprise lengths
between 40 mm and 55 mm.

54. The sjrstem of claim 13, wherein said radii of
curvature of said toroidal reflecting surface comprise lengths of
50.0 mm and 51.9 mm. |
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54.  The system of claim 13, wherein said radii of curvature of said
t.oroidal reflecting surface conprise |engths of 50.0 nmand 51.9 mMm

-39-
ABSTRACT

CONCENTRATING AND COLLECTING OPTICAL SYSTEM USING CONCAVE
TOROIDAL REFLECTORS

An electromagnetic radiation source, such as an arc lamp, is located at a point displaced
from the optical axis of a concave toroidal reflecting surface. The concave primary reflector
focuses the radiation from the source at an off-axis image point that is displaced from the optical
axis. The use of a toroidal reflecting surface enhances the collection efﬁéiency into a small
target, such as an optical fiber, relative to a spherical reflecting surface by substantially reducing
aberrations caused by the off-axis geometry. A second concave feﬂector is placed opposite to
the first reflector to enhance further the total flux collected by a small target. |
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Figure-4a Schematic of XZ-plane of the present invention.

$ - point source

8, - size of the source

T - target

M- primery reflector

M,- secondaty rellector

C - correcting optical slement

© - optical axis of the system

f4x - tadius of cutvature ef the primary reflector in the xz-plans

r"-twucdmudmpmwnﬁcmrhmw-ﬂm

13, * radius of curvature of the secondary reflsctor in the xx-plane

r:'-ud'mdmdm sscondary reflector in the yz-plane
]

A, - dismater of secondary reflector
Yo - off-axis distance of the source and target measured from the optical axis.

’- !27 f iy v-_l—‘
Figure-4b Schematic of YZ-plane of the present invention.
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Figure-5 Coordinate convention for an arc lamp source.
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S - Source
T, .T,-Targets
M 4 . M.1 - Off AXis
Toroidal Reflectors
M, . N'l'2 - Retro Reflectors

Figure-7b Schematic of present invention of two toroidal and one
hemispherically shaped toroidal retro-reflector (M,).
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- Singse
- Component

S - Source
Fy .Fa-Targets
M‘ ‘M. - Off Axis

1
~ Toroidal Refiectors
Mz = Retro Renaacr

Figure-8 Schematic of present invention (yz-plane} fabricated substantially
as one unit.

Enlargement of target position external to fabricated unit.
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S - Source
T . Targets
M - Off Axis:
Toroidal Reflectors

Figure-9 Schematic of present invention with four toroidal reflectors (M) in
the yz-plane.
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