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FIELD OF THE INVENTION
s This invention relates to systems for collecting and condensing

electrofhagnetic radiation, particularly a systeni for providing high intensity

illumination of a small target such as an end of an optical fiber.
BACKGROUND OF THE INVENTION
- Conventional collecting and condensing designs for efectromagnetic
10 radiation erﬁphasizé collécting and redirecting the maximum amount of light
from a single point source radiating isotropically. In doing so, the ability of
these designs to concentrate radiation flux into a small spot size is
compromised. Adaptihg these designs to produce a small spot size results
in a decrease in radlat:on flux because the emphasis of conventional
15 designs (i.e., the collecﬁon and redlrectlon of the maximum amount of light)
conflicts with the goal of concentrating the light flux into the smallest
possible spot size when the light originates from conventional non-coherent

light sources. Thus, small épot size images may be obtained only.with the

corresponding penalty of decreased flux density.

20 There are two basic designs for optical collecting and condensing
systems that are in common use. The first is a system of condenser lenses

such as illustrated in Fig. 1. Condenser lenses have several problems,
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desig col l ection and redirection of the maxi mum anount of
I |ght h the goal -of concentrating the light flux into the
OSSI bI e spot size when the light originates from conventional

rective optics, the inherent difficulty in aligning the lenses and the large
unt of space such a system demands. Ellipsoidal reflectors as shown in
g -2" are also used in prior art systems. T_heir problems include high cost
:‘"'d.tl".ll_e unavoidable magnification of the image which reduces the flux
énsiiy at thg image. Both of these systems (Figs. 1 and 2) tend to

_ mbhasi_ze the collection and redirection <.:f the maximum amount of light

i .from a single point source as discussed above. Thus, they fail to optimize

both spot size and light density.

A variation to the system il!usirated in Fig. 1 wés_ previously

1 descril?ed in French Patent #1383413. In this conﬁguratipn a spherical
concave mirror having a center of curvature and an 6ptical axis is used to
collect and condense light from é filamgnt source into a light guide. The
source is plabéd at thé center of curvature of the mirror and Iight is focused
into the light guide at a point opposite the side on which the spherical mirror
is located. Enhanced perfonnanée is achieved by placing a second
sbherical mirror on the side opposite from the primary spherical reflector td

~ focus light back through the source to the primary reflector. A hole placed in
the center of the secondary reﬂeétor allows placement of a light guide along
the opticai axis to collect the reflected radiation. Also described in Patent
.#1 383413 i§ the use of a primary elliptical mirror configured as s_hbwn in
.Fig. 2, except that a secondary spherical reflector, having a center of

| curvature coincident with the source and placed at a distance between the
primary -and secondary focal_points of the elliptical reflector, is used to

increase the am'ou.nt of collected 'light into a light guide. The light guide is

._.erent light sources. Thus, snall spot size inmages nay -be obtained
-h the correspondi ng penalty of decreased flux density. 20
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such as illustrated/n 1. Condenser Iensés have sever al Frobl ens,
2o i nwloRsiEI2t he cr%g@a}ﬁiB&bR@mﬂ ¢ and spherical EBEEPS%Yfs. the high

‘cost of correctiveé: op ent difficulty in aligning the |enses
and the large armount- ﬂuﬂﬁmﬂﬂﬂ‘j Hm system demands. Ellipsoidal refl ectors
as shown in Fig. 2.ar prior art systems. Their problens

i ncl ude high cost 5. and the unavoi-dabl e ﬁ’agnl fication of the inage which

'reduces the flux

placed along the optical axis at the secondary focal point ahd a hole is

placed in the secondary reflector to permit light to enter the Iighf guide,

U.S. Patent No. 4.757.431, the disclosure of which is incorporated

herein by reference, desc’ribes ah improved condensing and collecting

s system employing an off-axis spherical reflactor to increase the flux density.
at the target. As shown in Fig. 3, the prior art off-axis system has a source
transversely displaced from the optical axis of the reflector and a target
placed at an appréximataly symmetrical position with respect to the optical
axis. However, such a systém' has certain disadvantages arising from the

10 ‘“off-axis displacemant“ of the source and target including the presenée of
astigmatism pa}allel to the direction of the off-axis displacement and the
physical limitations inherent in the requirement to minimize this ofi-axis
distance. The effect of astigmatism is to decrease the concentrating
eﬂlciency of lhe system and thereby reduce the flux collected at the target.

1s Algo, the reguirement to minimize the off-axis distance between the source
and the target due to the resulting astigmatic distortion imposes limitations

on the physical dimensions of the source and target in such a system.

Accordingly, it is an object of the present invehtion to ‘provide an on-
axis optical system which enhances the collection of light emitted from a
20 localized source of electromagnetic radiation and subsequently acquired by

a small optical target.

It is another object of the present invention to provide an on-axis -

opticél system comprising a source, a primary reflector and an optical target,
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P / nt opposite nwhshchotlmhmumetam cptical target ater lndtne with the optical axis of

"the primary reflector, but axially offset from one another.

It is a further object of the present invention to provide an on-axis

optical system which eliminates the astigmatic aberrations and physical

. limitations inherent in an off-axis system.

SUMMARY OF THE INVENTION
‘To achieve these and other objects, the presént invention comprises
a system for condensing and collecting electromagnetic radiation having a
primary reflector disposed on one side of an electromagnetic radiation
source and a target disposed on the opposite side of the source. The

primary reflector includes a concave reflecting surface portion, which

preferably forms the entire surface of the refiector.

‘The concave surface portion of the primafy reflector, which is
pfeferably of a substantially toroidal shape, defines an optical axis and a
primary center of curvature disposéd along the optical axis. The source of
eleptromagnatic radiation is located approximately on the optical axis but
axially offset a first distance from the primary center of curvature m a
direction toward the toroidal surface portidrft. The target, such as a single
core fiber optic or a fiber optic bundle, is I;Jc,ated approximately on the
optical axis but axially offset a second distance from the primary center of
curvature in a direction away frorﬁ the toroidal surface portion for acquiring a
substantially concentrated ir_nage of the source reflected by the toroidal

surface portion.
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is located. Enhanced pérformance is achieved by pl amma\)ﬁ ?/s’ﬁhﬁerjéal‘
m.rror on—the—stde opposite fromthe primary spherical ect6r to focus

| i ght' back & gg{ggfﬁa;g@nﬁmgﬁe to the primary reflector. A hole placed in

t.he center o y reflector allows placenent of.a |ight guide
al ong 20 th mﬁ to collect the refPected radiation. Also
descrlbedln 3is the use of a primary elliptical mrror

configured as shown in Fi g. 2, except that a secondary spherical reflector,
havi ng a center of curvature coi nci dent vvith t he source ‘and placed at a

di st bet th ['1iptical
retlector.is used to MR cBRflamaRE MeRCAR sBoqH SslihckRHE | 0, 3°
l'ight guide. The appedXimétdly eelated by the equatlon (1-zg/r) x (1-zy/r) = 1 where 2 is the

first distance, z; is the second distance and r is a radius of curvature of the

spherical reflecting surface portion of the primary reflector.

S5 In an éltemate embodiment, a secondary refiector, -prefefably having
a surface concave relative to the source, may further be added behind the
source on the side opposite the primary reﬂector to erihance further light
collection. In order to permit the coupling of the focused Iight into the fiber”
optic target, the secondary reflector is adapted with a small central hole

10 conncldent with the optical axis of the primary reﬂector

According to another alternate embc;dinient, the system may further
comprise a housing having sides with inner surfaées'fonhing. the primary
reflector and the secondary refiector. In this case, the primary and -.
secondary reflectors may be integrally joined together to form a contiguous

ls. reflector disposed about the inner surfaces of the housing. Furthermore, the
housnng may also compnse atopanda bottom affixed to the sides of the
housing to form a sealed enclosure capable of being filled with a gas. In this
embodiment a window is provided at a radiation collecting end of the
housing for passage of radiation from within the housmg to the radiation

20 collecting end of the fiber optic target whlch is disposed either adjacem to or

distant from the window.



-3-- pl aced’ anong t he optlcal axis at the secondar-y.,fo.cal -pgl ntua}gc?i Hol e
i's_pl.aced I/l‘l t he secaondary reflector to pernit light to enter the |ight
.QUIde U S. Patent No. 4, 757 431 t he di sclosure of which is incorporated

herein by ref/dhi ‘H §“:ah i nproved condensi ng and collecting 5
system enpl oyi n spherl cal refl€€tor to increase the fl ux
density at the wn. in Fig. 3, the prior art off-axis system

has source
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Figure 1 is a schematic iflustration of a prior art condenser lens

system.

Figure 2 is a schematic illustration of a prior art elliptical reflector
s system wherein the source is placed at a first focal point and the target is

placed at the second focal point of an imaginary ellipse partially outlined by
the reflector.

Figure 3 is a schematic view in the Y-Z plane of a prior art off-axis

optical system employing a spherical reflector.

10 Figure 4 is a schematic view in the X-Z plane of one embodiment of
the present invention showing the primary and secondary reflectors as -

separate elements.

Figure 5 is a schematic view in the Y-Z plane of one embodiment of
~ the present invention showing the primary and secondary reflectors as

15 separate elements.

Figure 6 is a schematic view in the X-Z plane of andther
embodiment of the present invention showing an implementation _of the
primary and secondary reflectors disposed as a single contiguous reflector
within a housing having a planar window at the radiation collecting end of

20 the housihg.



t-r aﬂsverseWe optical axis of the refkectdr Jn@ i Ba]'_@t
placed at a ' y Symmetrical position with respect to the optica
axts.” However, such, gtgstdias certain di sadvantages arising fromthe 10
":of f - axi s,,fdi'gb}f‘ “J}‘a?B?%M wﬁe source and target including the presence of
asti gmat jysm paﬂ m“%‘gm“di-rection of the"of f-axis displacenent and the
physi cal) i m t HEREN B @Mt in the requirement to minimze this off-axis
[ The effect of astigmatismis to decrease the concentrating

ency of the system and thereby reduce the flux collected at the
target. 15 Also, tHEgusell issasehematiaiviawrin the X< planezofianather ance bet ween

source and the target due to the resulting astigmatic distortion
oses |imit atg'phadiment of the present invention showing an implementation of the

primary and secondary reflectors disposed as a single contiguous refiector

within a housing having a hemispherical window.
s - DETAILED OESCRIPTION OF THE INVENTION

In the following des_cription. for purposes of explanation and not
limitation, specific details are set forth, such as particular numbers,
dimensions, optical componénts. etc. in order to provide a thorough
understanding of the present invention. However, it will be apparent to one

10 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 oSscure the description of the present invention with unnecessary

detail.

15 . In accordance with the present invention, as shown in Figs. 4-7, a
condensing and collecting optical system comprises at ieast three main

components:

(1) SOURCE. An optical point source of electromagnetic radiation.
In the context of this in'veniion. a point source S is any compact seurce S of
20 electromagnetic radiation whose angular extent is smail. Typically, the
linear angular size of such a source S is no more than 0.1 radian. Fof
example, a typical source S may be an electric arc lamp with an arc gap of

approximately 1 mm p!aced in front of a concave reflector at a distance of



on . the physi he source and target ‘i s-u-Ch/a_,s/yﬂrimB]_7
Accordingly, it is an object of the present invention to provide an on-

‘axis optical fnces the collection of light enmitted froma
207 Iocal(/aed I romagnetic radjation and subsequently acquired
by a. s opt I s anot her oﬁéect of the present invention to
provi an on-axi s optlcal system conprising a source, a.primary reflector

and gh optical target,

apprdximate!y Scm. In the preferred embodiment, however, the eource Sis
a compact xenon arc lamp with a one (1) mm arc length and contained in an
aspherical glass enclosure. However. other enclosures such as ceramic-
may also be used as long as the radiation can be transmitted out from the

s source. For example, a cylindrical enclosure containing a window at each
end of the cylinder would permit radiation to be transmitted from the source
S. In ge_neral. any source S of electromagnetic radiation which is small
relative to the size of the target may be used, including electric AC and DC
arc lamps, gas-discharge lamps, filament lamps, and light emitting diodes.

10 Furthermore, the types of radiation errtitted by a particular source S may
comprise pulsed radiation continuous-wave radiation, coherent radiation,
incoherent radratron, monochromatic radratron, broad-band radratlon and

narrow-band radiation..

(2) PRIMARY REFLECTOR. The primary reflector M1 focuses

15 electromagnetic radiation from the source S onto the target T. As shown in
Fig. 4, the primary reflector M1 comprises a concave reflecting surface
portion P concave relative to the source S. According to the preferred
embodiment, the reflecting surface portion P 'prefera_bly forms the entire
surface of the primary reflector M1. Referring to Fig. 4, the optical system of

20 . the present invention is arranged in a spatial coordinate system having
orthogonal x, y, and Z axes such that the center of curvature of the concave
reﬂecting portion P is located at the origin O and its optical axis is coincident

with the z axis.



i n° which both t source and optical target are in |iﬂ1‘31,‘VW&h§tne/C{9t1Cﬂ|1S7
axi s of the prifrary reflector, but axially offset fromone afother? t+ i*s’a
furt-her object of the present invention to provide an on-axis optical
syst em whi ch/ el i Fhast Elgs BeaeRapitddgmat i ¢ aberrations and physical 5
linttdtiong inhe JHill axi s system SUWMMARY OF THE | NVENTI ON To
achi eve tMese an ' t he present =Pmvention conprises a system
for conglensing and collectl | ectromagnetic radiation having a prinmary .
refl ec¥or di sposed on one side of an el ectromagnetic radiation 10 source

and target disposed ?n the opposite sjde gf the source. The. .
: - . Although many geometric configurations of the concave reflecting

surface portion P can be implemented, such as portions of a spheroid, a
paraboloid, an ellipsoid, etc., the present invention preferably utilizes a
substantially toroidal reﬂecting surface portioﬁ P. As shown in Figs. 4 and
5 5, the toroidal reflecting surface portion P has a primary radius of curvature
r{ in the x-z p!ane'(where the center of curvature of the toroidal reflector M1
in the x-z plane is coincident with the origin-o in Fig. 4) and a secondary
radius of curvature r2 in the .y-z plane (where the center of curvature of ihe
toroidal reflector M1 in the x-z plane is placed at the point ¢2 in Fig. 5). -
10 Additionally, the optical axis of the toroidal reflector M1 is cﬁncident with the
z-axis. The primary radius r1 is chosen so as to blace the image point of |
- collected radiation on the :side opposite to the source, whereas the
secondary radiu*_s r2 is chosen so as to reduce optical aberrations cgused by

the glass enclosure g of the source which acts as a lens.

15 The purpose of having r2 not equa_l tortisto brin§ the irhage point of
rays in the y-z plane in coincidence with rays in the x-z plane so as to
reduce the offset between the rays caused by the lensing of a particular
source envelope g. For source enclosures that do not create any optical
aberration, or for sources that have no enclosure, the primary radius r1 will

20 be equal to the secondary radius r2 so that the primary reflecting surface
portion P becomes spherical. Although a substantially spherical-boncave
mirror could be used in all cases, the curved envelope g enclosing many
sources, such as a DC:arc lamp, causes efliptical aberrations which require

optical compensation.



primary reftector includes a concave reflecting surf fért roa,
preferably fthl;gBShLéaﬁasq;ggﬂm laedr f ace of the reflectorap?fh'e ‘Coﬁcax/@i&le?

_portlon of the tor which is preferably of a substantially
toroidal apel tlcal axi s anq a 15 primary center of
curvatur g di sp optical axis. c}he source of el ectromagnetic

radiatifn is |ocated approximately on the optical axis but axially offset a
first Adistance fromthe primry center of curvature in a direction toward
t he foroi dal surface portion. The target, such as a single core fiber optic

or/a fiber optic b“ﬁpé@cgég éﬁ‘é&h@ﬂo %}rﬁéﬁéﬂ ¥aR'®nly'Be %Bney modkli S

t axially offset a I'stance fromt primary ‘center
‘ _ the surface corrections of the mirror required to compensate for the

aberrations numerically. The resulting surface would be highly non-
sphencal For practical systems, aberrations are greater in the y-z plane

s than the x-z plane and result in the focal points of rays in each of the two
planes being somewh_at off-set from each other. An approximate, but
practically useful, solution involvés the use of a toroidal surface having r1 of
fhe x-z plane not equal to r2 of the y-z plane thereby permitting a partial
correction and therefore reducing opticail aberrations and other |

10 imperfections. By adjusting the secondary radius r2 of a tbroidal reflector, a

less distorted image can be formed, pemmitting overlap of image points in
both planes and resulting in _hig_hér collection efficiency of radiation. The net
result compared to a spherical reflector is to improve the condensing
properties of the system so as to collect a greater fraction of light into é small

15 target such as an optical fiber.

Furthermore, for practical purposes, the toroidal or spherical surface
portion P may be exposed to optical prepéfations such as polishing and
application of a reflective coating ma_teﬁal (e.g., aluminization) to either of a
first, glass-air surface interfaée or a second housing material-glass surface

20 interface.

| (3) TARGET. The target T is a small object which needs to be
illuminated with the highest density electremagnetlc radiation possible. In
the preferred embodiment, the target Tis a sangle core opttca! fiber f with a

diameter of approximately 0.1 mm. However, the target T may aiso



curvature i ction avvay fromthe tor0| dal surfage.porlion

acqui.ring a su stanti al trated i mage of thd sourde ,re.flle tid}&/?he

tor0|dal's tﬁxﬂ&qu? - Wth this configuration, the first and

second d| tance ely related by the equation (1-z[err]/r) X

(L-z[erg]/r) flwmrls the first q%stance z[err] is the second -
curvature of e ,

di st ange andr |s ar

comprise a target T selected from the group of one or more optical fiber(s) f
‘having a radiation collection end-(s).c polished at an angle perpendicular to
a longitudinal axis of tt_\e collection end(s) ¢ of the cptical fiber(s) f and one
or more optical fiber(s) f having a 'radiation collection end(s) ¢ polished at an

5 . angle other than perpendicular to a longitudinal axis of the collection end(s)
¢ of the optical fiber(s) .f..

With reference to the prior art Fig. 3, a conventional optical system is
ilustrated employing an "off-axis® spherical reflector in accordance with the
teachings of the above-mentioned U.S. Patent No.'-4,757,431. A sphericai

"10 mirror M has an optical axis which defines the z axis of a coordinate system
- with the origin O disposed at the center of curvature of the mirror M. A
source S is located on the y axis, displaced a distance yp from the origin.
Rays from the source S are reflected by _the mirror M and converge neer a
point displaced a distance yg below the optical axis z to form a real image |

15 of the source S.

However, off-axis optical 'systems have inherent drawbacks including
the presence of astigmatism paral!el to the direction of the off-axis
dis{:lacem_ent and the physical limitations inherent in the requirementto
minimize the off-axis distance yo. The effect of astigmatism is to produce a

20 point image | which is not properly focused nor imaged at unit magmfcauon
at the target T. 'Furthermore, the resulting astlgmansm decreases the

" concentrating efficiency of the system and thereby reduces the flux collected

at the target T. .Also, the need to reduce the off-axis distance yo between the

source S and the target T in order to minimize the astigmatic distortion



spherical refle 0r f ace portlon of the primary aef-eet ox I
an _al.ternate enbodl enReM ndary reerctgr prngPalbf"y) ha\u? Qals_l?irlaze
concave reIatWMeS e, may further be ‘added behind the source on
the side o p03| reflector to ance further |ight

0 mt the coupling the focused light into the
fiber optic target the secondary reflector is adapted. with a small central
O coincident with the optical axis of the prinmary reflector.

ding to another alternate embodiment, the system may further conprise

a gousing havi NGeiidies utit.igiiohg'aﬁrtnagméefc%i dirfiéfaigils bPhe SairBe S & 6 o'

d the secondary e primar
target T which can be utilized in such a system.

In comperison. the on-axis system of the present invention does not
suffer from the'above-noted problems due to the fact that the astigmatism
5 whichis caused by the off-axis distance yg in the conventional off-axis
system is eliminated. Therefore. a substantially focused image point |
having unit magnification at the target T may, in principle, be obtained with
the present invention. Additionally, the physicel size of the systerh of the
present invention is limited only by the size of the source S, while the size of

10 the source S itself is limited only by the curvature of the primary reflector M1.

With reference to the _present invention, as shown in Figs. 4-7, a
coordinate system is defined such that the origin O is located at the center of
curvature of the concave primary reflector M1 and the z axis coincides with
the optical axis of the teﬂector M1. In the preferred embodiment of the

15 invention, however, the reflector M1 is substantially toroidal in shape with a
primary radius of curvature r1 having a primary center of curvature with
respect to the rays in the x-z plane coincident with the origin O of the
coerdinate system. The secondary radius of curvature r2 defines a
secondary center of curvature with respect to the rays in the y-z plane

20 located at the point c2. Referring specifically to Fig. 4, the source s is
located on the optical axis z of the reflector M1 and is displaced by a first

| distance zg from the primary center of curvature O. The location of the point
S is thus defined by the coordinates (0,0,z5) where zs> 0. Similarly, an

image 1 of the source S is created on the optical axis z of the primary
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secendary reflecyOrs may be int egrally joined together to form a contlguous
15 -reflector Sposed about the inner surfaces of tm?Gi)

Furt her nore, e h@“§$ﬂ@§ﬂ§§ﬂee§k§p@c@)ﬁprl se a top and a bottom a—f' iZ
t he sides of/the ho seal ed encl osure capabl e of belng f111 ed
with a gas. Inth:s MRHW| WIndOWIS pr,avi ded at a radi ation

coll ectipg end of t

housi n

passage of r diation fromw thin the
I s digposed either adjacent to or distant fromthe w ndow.

to the radiation 20 collecting end of the fiber optic target which

reflector M1 and is displaced by a second distance 2; from the primary center
of curvature O. Accordingly, the location of the point | is thus defined by the
coordinates (0,0 2;) where 2< 0. The values_is and z; are approximately

related by the equation:

s (1-2g/c1) * (1-zir1) = 1

As mentioned above, the preferred embodiment of the present
invention empléys an electric arc lamp as the source S. Such a lamp
generally has a cyIindriCai glass envelope which is denoted as g in Figs. 3,
4,5 and 6. With reference to Fig. 4, the first distance 2 is preferably

10 selected so that the image point | will lie just outside of the glass envelope g
on the side opposite the primary reflector M1. For sucha i:onﬁguration, the

magnification of the source spot size at the image point | is given by:
m = (1-z/r1) / (1-z¢/r1)

it will bé observed that for is >0 and 2; <0, m > 1. The numerical
15 aperture (NA) of the primary reflector M1 as seen from the image point | will
'be equal to the numerical 'apenure. as seen from the source S divided by the
maghnification factor m. Whereas it is not possible to achieve unit |
magniﬁcation; this system minimizes the degree of magnification to the

extent that it is possible to minimize z; and z.

20 In reducing this invention to practice, it is found that optical
aberrations are created by the enclosure of the source itself, typically an
aspherical glass envelope g, which itself acts like a lens. The extent of

optical aberrations depends on both the shape and uniformity of the glass



L ON OF THE DRAWNGS Figure 1 is @§¢hghay € /10upt3d ipn
condenser em Figure 2 is a schemati€ illustTation

of "a prior t° elThis ceiQfk Lo quct or s systemwherein the source is placed
at a first/focal : cegt get is placed at the second focal point
of: an imagi nary el ﬂ‘ y-outlined‘Bfﬁ"the reflector. Figure 3 is a
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of a.prior ar

schemat yc view in . of a prior art off-axis

envelope g. Full compensation can only be done by édjusting the profile of
- the reflector M1 numerically which makes it highly noﬁ-spherical. However,
| compensation for the optical aberrations can be in part achieved by
choosing a toroidal concave reflector as the primary reflecting surface with a
. § secondary radius. r2 chosen so as to compensate for the lensing effect of the
" lamp envelope. In this respect, a toroidal primary reflector M1 is preferable
to a spherical reflector since the latter cannot provide any cdrripensation for

optical aberrations.

- The present invention differs from the prior art French Patent -

10 #1383413 in that the location of the source S is ndt coincident with the
center of curvature of the spherical reflector used therein. In the preferred
embodiment, however, a toroidal primary reflector M1 partially compensates
for optical aberrations caused by a lamp envelope g or enclosure. If-no

- enclosure is present or the source S and reflector are eﬁclosed within the

1s same enclosure, the altemative embodiment would consist of a spherical

reflector since for this embodiment the primary and secondary radii r1, 12 of

~ the toroidal reflector would be equal.

The primary loss of collection efficiency in the present invention
arises from shadowing effects created by— the source S itself, whether it be a
20 filament, pair of electrodes, or other method for generating electromagnetic
radiation. Whereas the pres_ént invention produces superior imaging over
that of the brior art, it is less efficient in transmitting radiation to the target.
However, enhancement in the collecting efficiency may be realized by

adding a secondary reflector M2 behind the source S on the side opposite




)

optical system | oyi ng a spherical reflector. 10 fFrgur@'hi}é ¥ 151 /
schematic vie e of one enbodi nent of the present invention

shomnng t he prlnar a ary reflectors as separate elenents. Figure 5
IS a schemat ITG*S \?iﬁi ﬁ@ﬁ pl ane of one errbodl ment of the present

i nvention y and secondary]reflectors as 15 separate
el enent s.

enbodi
pri mar

Flgu matic view in the X-Z plane of another
t of the present invention showi ng an inplenmentation of the
and secondary reflectors disposed as a single contiguous reflector

_ the primary reflector M1. The center of curvature of the secondary reflector
M2 should coincide with the point S. Furthermore, the secondary reflector
M2 shouid be adapted with a small central hole h coincident with the optical
axis of the primary reflector M1 through which a target T, such as the
5 collection end c of a fiber optic f, can pass so that the collection end ¢ of the
" fiberfcanbe positioned at the point I. Preferably, the secondary reflector
| M2 has a substantially spherical reflecting surface concave relative to the
source S. Yet, the reflecting surface of the secondary reflector M2 may also
form a portion of a shape comprising a substantially toroidal shape or an
10 aspherical toroidal shape. In addition, the reflecting surface of the
secondary reflector M2 can be treated with an optical preparation in ordef to

control the flux of the radiation.

According to an altemnate emboc}iment of the present invention,
shown in Figs. 6 and 7, the system may further comprise a housing 5
is having sides 7 with inner surfaces 8 forming the primary reflector M1 and the
secondary refiector M2. In this case, the brimary and secondary reflectors
M1, M2 (i.e., their reflecting surfaces)' may be integrally joined together to
form a contiguous reflector 9 disposed about the inner surfaces 8 of the
~ housing 5. The housing is preferably made out of ceramic although' a wide
20 variety of materials may be used including glass, pyrex, quartz, etc. '
Furthermore, the housing 5§ may also cbmprise atopanda bottom affixed to
the sides 7 of the housing 5 to form a sealed enclosure capable of being
filled with a gas. In this manner, the housing 5 may be pressurized with an
jonizing gas and fitted with the electrodes of an arc lamp S chosen to '

25 maximize brightness and minimize the angular extent of the arc produced.



W thin'a housi ng h?ﬁl ng a planar -wi ndow at th U tIﬂOI’J- chigr‘u?end of
20 t'he housi n —7—1~s a schematl |71.4t ne of

anot her enbodi nenhusogh ttﬁe é) Nt | nvention shovm ng an i rrpl enent ati on of ! 7
the primary a se ’? ors di s sed as a single contiguous :
reflector w ghin a a hem s eri cal w ndow.

Addiiionally, a window W can be provided at a radiation collecting
/ end E of the housing 5 for passage of rédiation from within the housing 5 to
' the radiation collécting end ¢ of an optical fiber f. Accordingly, the radiation
collecting end ¢ of the fiber(s) f may be disposed adjacent to the window W
s ordistant from the Window W. The window W itself may comprise a planar
surface P formed from a substantially transparent, non-imaging optical '
element or a substantially transparent imaging optical element (see Fig. 6),
or alternatively, a planar surface P having a transparent, non-imaging,
hemispherical window J centered about_'the image point | formed within the
10 planar surface P (see Fig. 7). Once again, the window W can be treated

with an optical preparation in order to control the radiation flux.

it will be recognized that the above described invention may be
. embodied in other speclﬁc arrangements and housings without depamng
from the spirit or essential characteristics of the disclosure. Thus, itis
15 understood that the invention is not to be limited by the _foregqing illustrative

details, but rather is to be defined by the appended claims.



5 h DETAI LED DESCRI PTI ON OF THE rNVENTI ON In the foll ow ng

descri ptw@wsisgd purposes of explanation and not |im 't atPCRISISQIALT f i C
details are set forth, such as particular nunbers, dinensions, optical
conponents, etc. in order to provide a thorough understandi ng of the

present invent inﬁ.\Hemes@,i\t\r/f\n%ITI be apparent to one 10 skilled in t he.
art that the pr I nvention be practiced in other enbodi nents that
depart fromt heg@”’ fulum HEM"II s. In other instances, detailed _
descri ptions of es and techniques are onmitted so as not to
obscure the descripti on tshe*present lemr on with unnecessary detail .

1 1. A system for condensmg and collectmg electromagnetic

2 radiation comprising: '

3 a primary reflector having a concave reflecting surface portion,

4 the concave surface portion having an optical axis and a primary

5  center of curvature disposed along the opticél axis;

6 a source of electromagnetic radiation located approximately on

7 the optical axis but axially offset a first distance from the primary

8 center of curvature of the concave surface portion in a direction

9 toward the concave surface portion; and
10 a target located approximately on the optical axis but axially
11 offset a second distance from the primary center of curvature of the -
12 concave surface portion in a direction away from the concave surface
13 pottion for acquiring a substantially focused. image of the source

14 reflected by the concave surface portion.

1 2. The system of claim 1, wherein the first and second distances
2 are approxima’tely related by the equation

3 (t-zgfr1) x (1-z|/r1) 1

4 whera zs is the first drstance. zl is the second distance and risa pnmary
s radius of curvature of the concave reflecting surface pomon of the primary

6 refiector.
_—
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5 - In ac
condensing an
cojrponent s:

Wyttm Compri ses v LAy hok B 317
-0JTponN: mmmﬂw poi nt source of el ectromagnetic
radi ati on. t S |nvent|on18a poi nt source S is any

conpact s urce_ =0f €20+ et ectrdmagnetic radi‘ati on whose angul ar extent is
smal | . JFypically, the linear angul ar size of such a source Sis no nore

71 radian. For exanple,'a typi cal source S may be an electric arc

p : 2 comprises one of a substantially parabolic shape, a substantially efliptical

3 shape, a substantially torcidal shape and a substantially aspheric shape.

1 4. The system of claim 1, Whe_rein the concave surface portion
2 comprises a substantially tqroidal shape to form a toroidal surface portion
3 having.the primary center of curvature and a corfesponding primary radius
4 of curvature in a first plane and a secondary center of curvature and
5 corresponding sécondafy radius of curvature in a second plane
6 perpendicular to the first plane, the primary radius of curvature having a
7 different length than the secondary radius of curvature for reducing optical
8 aberrations caused by a particular source envelope surrounding the source
9 by bringing a first image point produced by light rays in the first plane in
10 coincidence with a second image point produced by light rays in the second

11 plane.

1 SR -8 The system of claim 1, wherein the concave surface portion

2 forms the entire surface of the primary reflector.

1 ) 6. - The system of clalm 1, wherem the source of electromagnetic
2 radiation comprises a light source selected from the group consisting of an
3 electric AC arc lamp, an electric DC arc lamp, a gas-discharge lamp, a

4 filament lamp, a light emitting diode, and a semi-conductor. -

_—
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) - Nt e \
-8-" appr oxi ma"te)/{S cm’ In the preferred enmbodi 'rré’n't‘,u"noﬂxe(/érfjtl'hé ‘Lo{Jrce S
i s .a.conpact-xenon arc Tanp with a one (1) mmarc |l ength and contained in
an.aspheri cgj . -However, other enclosures such as ceramc
may al so 2? IJMHB&I“HHMEHIEM radi ati apgcan be transmtted out fromthe 5
source. Fof examplea, & cylindrical enclosure containing a wi ndow at each

end of tHe cylinder would pernmit radiation to be transmitted fromthe

source :S. I n general, any source S of electromagnetic radiation which is
smal |

1 7. The system of claim 1, wherein the radiation emitted by the
‘2 source comprises radiation selected from the group t':dnsisting of puléed |
3 radiation, continuois-wave radiation, coherent radiation, incoherent
4 radiétion, monochromatic radiation, broad-band radiation, narrow-band
. 5 radiation and any combination of pulsed radiation, continuous-wave
6 radiation, coherent radiation, incoherent radiation, monochromatic radiation,

7 broad-band radiation and 'narrow-band radiation.

1 8. The system of cléim 1, wherein the target oombrises a target
2 selected from the group consistiné of at least one optidal ﬁber having é
3 proximal end cut at an angle perpendicular to a longitudinal axis of the
4 proximal end of the optical fiber and at least one optical fiber having a
s  proximal end cut at an angle other than perpendicular to a longitudinal axis

6 . of the proximal end of the optical fiber.

1 9. The system of claim 1, wherein the source of radiation

2 comprises a lamp having an envelope, and a corrective optic is disposed in
3 a position selected from the group ;:onsisting of a first position between the_'
4 concave surface portion of the primary reflector and tt;e source and a

s second position between the source and the target to compensate for optical
6 aberrations in the substantially focused image caused by the envelope of

7  the lamp.

1 10. The system of claim 1, wherein the system further comprises a

2 secondary reflector disposed substantially opposite from the concave

This Sheet Has Been Repl
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FEB~21-86 13:494 FROM:FOTHWELL FIGGC 4 1D: 20278365031 . PAGE
rel ativevdezidse size of the target may beé used, incl udirgynsosenii ¢’ AC and
DC arc | anps, gas-dLsﬂumMMifl_anent | anmps, and light emtting
di odes. 10 Furthernore, the types of radiation émtted by a particular
source S may conpri ﬁ ’Hﬂuﬂmm)m yion28ont i nuous- wave radi ation, coherent
radi ati on, incohere ¢ mm'ochromat I c radiation, broad-band
radi ati on and narrow band 'radi afi on. (2) PRI MARY REFLECTOR. The prinmary

reflector ML focuses 15 electromagnetic - radiation fromthe source S onto

h T. bown in Fig. 4. the pri fl ML i -
concave ref] ecimgtRE, poryen o e PR el ilate o Rk Spute 6 e s

According tp t he Rl thittd from the source back through the source and onto the

5  concave reflecting surface ponion of thé primary' reflector.

1 11. - “The system of claim 10, wherein the secondary reflector has a
2 ‘reﬁecting surface concave relative to the source cbmp_risihg a p'értion ofa

3 shape selected from the group codsisting of a substantially toroidal shape, a
4  substantially spherical shape and a substantially aspheric shape.

I 12 The system of claim 11, wherein the refiecting surfaces of the
2  primary reflector and the secondary refiector are treated with at least one

3  opfical preparation to control the radiation flux.

1 13. The éystem of claim 10, wherein the target comprises an

2 optical fiber having a collection end for receiving radiation reflected from the
3 concave surface portion of the primary reflector, and the secondary reflector
¢« has a surface with an aperture fonmed in the surface coincident with the

s optical axis for passage of the collection end of the optical fiber.

1 14. The system of claim 10, wherein the system further comprises
2 a housing having sides with inner surfaces forming the primary refiector and

3 the secondary reflector.

"% " 'This Sheet Has Been R
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enbodi nent , t}e’r efl e¢ting surface portion P preferth'ynnorqm:?e\ 1231«:7
"surface of the primary reflector M. Referring to Fig.'"%" t he’ ul

. syst sent |nvent|on is arranged in a spati al coordi nat e
,-systmmmmaulmlﬂ}“mgnal X, Yy, and Z axes-Fuch that the center of curvature
of the concave reflecting portion Pis located at the origin Oand its

optical axis is coincident with the z axis. Al t hough many geonetric

configurations of the concave reflecting _

1 15.  The system of claim 14, wherein the housing further comprises |

~

a top and a bottom affixed to the sides of the housing to form a sealed

3 enclosure capable of being filled with a pressurized gas.

1 16. The systeh of claim 14, wherein the primary and secondary
2 reflectors are integrally joined together to form a contiguous reflector

3 disposed about the i lnner surfaces of the housing.

1 17.  The system of claim 14, wherein the housing further comprises
2 awindow disposed at a radiation collecting end of the housing for passage
3 of radiation from within the housing to a proximal end of an optical fiber

4 selected from the group consisting of a first optical fi_bér having a radiation

5 collecting end disposed adjacent to the window and a second optical fiber

6 having a radiation collecting end disposed distant from the window.

1 18. The system of claim 17, wherein the window 'comprises a
2 planar surface formed from a material selected from the group consisting of
3 a substantially transparent, non—imaging optical element and a substantially

4 transparent imaging optical element.

1 19. The system of claim 17, wherein the window comprises a

2 planar surface having a transparént, non-ifnaging, hemispherical window

3 formed within the planar surface, the hemispherical window being centered
4 about the substantially focused image reﬂected by the spherical surface |
5 porllon of the primary reﬂector

—_—
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surface portion P can be inplenented, such as portiop al
par abol ord"Ta’rT‘e‘I—Wm d, etc., the present inventi onE‘JOL‘Sr ab??"g}ilz

substanti Em “ml ect i ng surface portion P. As shown in Figs. 4
and 5 5, ﬂ“‘“‘ m[“‘ m l ecting surface g28<tion P has a prinmary radius of
curvature r1 £n the' x-Sz Bl ane (where the center of curvature of the
toroidal reflector ML in the x-z plane is coincident with the origin Oin
Fig. 4) and a secondary radius of curvature r2 in the y-z plane (where the
center of curvature of the toroidal reflector ML in the x-z plane is pI aced

at the point;c2 in FRQ. S5The &)stefisi6f tlaimial7, whetrdiA tﬁ@Wnﬁdﬁwﬁtr@a@dW

toroidal reflector ML is coinCident with the z-axis. e primary ra |us ri
i's chosen s aslelast pheoptitaicprepagstionctorsontol the radlatlon ﬂux

T'ms Sheet Has Been Replac
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_col lected radi atlon oh the side opposite to the sourc’ét"mhgr (hgl}l?
"secondary radius r2 is chosen so as to reduce opti cal aberratlons caused by

.the gl ass ure g of the source which acts as a lens. 15 The -

. purpose of havg ffot equal to rl.is to bring the inmage point of rays in
t bhe yT C|dence with rays in+2e x-z plane so as to reduce the
of.f set s caused by the lensiing of a particular source
envelop ce encl.osures that do not create any optica
aberrati or for sources that have no enclosure, the primary radius rl

wll 20 be equal to the secondary radius r2 so that the primary reflecting
surface portion P becones sphABSHRA j I al | y- spherica
concave

The present invention éémprises a system for condensing and
collecting eledmmagnetic radiation'havin‘g a prirhary reflector disposed on
one side of an electromagnetic radiation source and a target disposed on

‘s the opposite side of the source. The priniary reflector includes a concave
reflecting surface portion, which preferably forms the entire surface of the
reflector. The concave surface portion of the primary reflector, _which is
preferably of a substantially toroidal shape, defines an optical axis and a
primary center of cu&ature disposed along the optical axis. The source of

10 electromagnetic radiation is located approximate& on the optical axis but
axiélly offset a first distance from the center of curvature in a direction toward
the concave surface portion. The target, such as a single core fiber optic or
a fiber optic bundle, is located approximately on the optical axis but axially
offset a second distance from the center of curvature in a direction away |

1s from the concave surface portion for acquiring a substantiélly focused image
of the source reflected by the concave surface portion. With this |
configuration, the first and second &istances are approximately related by
the equation (1-2¢/r1) x (1-2y/r1) = 1 where 24 is the first distance, z; is the
~ second distance and r1 is the primary radius of curvature of the toroidal

20 reflecting surface portion of the primary reflector when a toroidal reflector is
used for partial compensation of aberrations. In an alternate embodiment, a
se’cdndary reflector may further be addgd :_behind the source on the side
opposite the primary reflector to enhance further light collection. According

to a second alternate embodiment, the system may also comprise a housing -



m-rror could be used i'n all cases, the cur ved eh\)el 8&&';’&1&% Ss(ra }@11 7

‘squrces, such as a DC arc |anp, causes elliptical aberrations which require
.opti‘cal conpensation. In principal, an_ggact optical correction can only
.bé done by nodeling the surface corrections of the mrror required to
conpensate for the aberrations nunerically. The resulting surface woul d be
hi ghly non- spherical. For practical systens, aberrations are greater in

the y-z plane

having sides with inner surfaces forming the primary reflector and the

secondary reflector.

)



- -than the x-z pI ané and result in the focal pnOJ&]Says\#!ach of
“the two pl anes belng sonewhat off-set fromeach other. An approxi nate, but
practlcally useful, solution invoalves the use of a t or oi dal

surface havi ng
ri oL_L$m%*—2-pfaﬁ§‘ﬁ6f equal to r2 oLAﬁhe y-z plane thereby permtting a
partlal orlggh gﬁq@&aitherefore reduci ng optical aberrations and other 10
|nperf

reflect ‘E ﬁl

usting the secondary radius r2 of a toroidal
torted i mage can be fornmed, permtting overlap of

[ rrage p 'pl anes and resul ti né i n hi gher col l ection efficiency
radi ation. The net res conpared to @a spherical

reflector is to
|rrprove t he condensi ng prone{,;les of the_gystem so as to collect a greater
fraction of light into a sgaig = :

aq

Q_

G

FILM
)MNE

>< ]
12 | -
agx- —
74
! =
S w
|| B
\ ii&a
- =EQR
— z'gﬂ
. Nu%
O g £°
E Q)




FEB-21-96 13:44 FROM:ROTHWELL FIGG A 1D:20276836031 PAGE

15 takapésisah as an‘optical fiber. Furthernore, for BOTAI958I3L7 pur poses,
the toroidal aor spherlcal surface portion P may be exposed to optical -
preparations such as poli.shing and application of a reflective coating
material (e.g., alumnization) to eipmer of a first, glass-air surface -
I nterface or a second housing material -gl ass surface 20 interface. (3)

TARGET. The target T is a snmall object which needs to be illunmnated wi'th

enbodi ment, the t t Tis a single corgfoptical fiber f with a dlaneter

of a fely O. 1 mm However, the tafqet T may al so
eplace

' i‘\\\\\\\\\\\\\\\\\\\\\\ :

t he* hi ghest density el ectronagnetic radia]ion possible. In the preferred

OPTICAL FIBER
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rbl
conprlse a target T selected fromthe group of one or nD ﬁy
“f. haV|ng a radlatlon col l ection end(s) c polished at an ang end R I
.10 a | ongi tudi nal axis of the collection enqgé% c of the optlcal flber(s)
:aﬂd on optlcal fiber(s) f having a iation collection end(s) c

poli shed

“ﬁRﬂﬁNg‘e ot her than perpendicular to a |ongitudinal axis of
t he dbﬁﬁ ) ¢ of the optical fiber(s) f. Wth reference to the
pri or- “ \“‘ iconventional opti cal sysltﬂrG 3

PRIOR ART

f6. 4 ]
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Y,

ill'ustrated enpl oyi ng*an "of f -axi s" pheri cal reflector in a‘gg;g;ges\/\/th 3

t he .t eachi ngs of the-above-nentioned U S. Patent No. 4, 75h6 (ﬁ heri cal
19 “mirror Mhas ah optlcal axi s which defines the z axis J ogl na dRAR

_systemwith the origin Odisposed at the cedf8r of curvature of the mrror

M A source Sis located on the y axis, displaced a distance y[err] from
the origin. Rays fromthe source S are reflected by the mrror M and
converge near a poi nt displaced a distance yo below the optlcal axis z to

form-a rrggl:,hée{mgegnq ace,pf the source S. However, off-axis optical systens
have i nhe I ncl'udi ng the presence of astigmati smparallel to
‘the dlrec , ﬂi H f axi s _

FIG. 5

SUBSTITUTE SHEET (RULE 26)



df'!ﬂ?‘ﬁ't"errent and the physical limtations inherent in tthlb ntyt%/ol .
“mnimze the off- axl;’s distance yo. The effect of astigm nd pr ‘cﬂm l
a- 20 poi nt inmage I 'which is not properly fog/zéed nor imged at unit
. rfagni fication at t he target T. Furthernore resulting astigmati sm
décreases the concentrating efficiency of the system and thereby reduces
the flux collected at the target T. Also,t‘the need to duce the off-axis

di stance yo betwee sour S and the qrget T iqpfder to mnimze the
astigmatic distort| . g \

i N 2
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T o ' _ _ . F60380[-2 Bozi01-3 HS
pnposes limtations on the physical dinensions of the source S and the

target T which can be utilized in such;a system In conparison, the on-axis
system of the present invention dogs not suffer fromthe above-noted

probl ens due to the fact that the astigmatism5* which is caused by the
off-axis distance yo in the conventional off-pxis systemis elimninated.

Ther efore,_a“substantially focused i mage point | having unit nagnification
at the targeti T may, in principle, be obtained with the present invention.

Y

Addi tional ly, the physj ' f 1 isaavention is
‘limted only by the si geeﬂo?éwﬁg«gcﬁuﬂrégéb@ﬁé 1Tet 'ﬁﬁ?{aﬁgﬁﬁw t he source

L Sitself is Limted onlyy AMIRLOYDISBIKGCED CONSAVE REFL ECHdRCt or M.
| | ' .

IELD OF THE INVENTION

5 This invention relates to systems for collecting and condensing
electromagnetic radiation, particularly a system for providing high intensity

illumination of a small target such as an end of an optical fiber.

BACKGROUND OF THE INVENTION

Conirentional collecting and condensing designs for electromagnetic
10 radiation emphasizé collecting and redirecting the maximum amount of light
from a single point source radiating isotropically. In doing so, the ability of -
these designs to concentrate radiation flux into a small spot size is
~compromised. Adapting these designs to produce a small spot size resuits
in a decrease in radiation flux because the emphasis of conventionai
15 designs (i.e., fhe collection and redirection of the maximum amount of light)
conflicts with the goal of concentrating the light flux into the smaﬂest
possible spot size when the light' originates from conventional non-coherent
light sources. Thus, small spot size images may be obtained only with the

correspbnding penalty of decreased ﬂux density.

20 There are two basic designs for optical collecting and condensing
systems that are in common use. The first is a system of condenser lenses "

such as illustrated in Fig. 1. Condenser lenses have several problems,
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Wth reference to the present invention, as shown in Figs. 4-7, a

coordi nate systemis defined such that the origin Ois |ocated at the
center of curvature of the concave primary reflector. ML and the z axis
coincides with the optical axis of the reflegtor ML. In the preferred
enbodi ment of the 15 invention, however, the reflector ML is substantially
toroidal in shape with a primary radius of curvature rl1 having a primary
center of curvature with respect to the rays in the x-z plane coinci dent

with the orlgl Mindlidihg'the cheibhictehRorfatid 86 spheric aPBftafidng, 36k Wi ost

H
curvature r2 defines”a secondary center of curvature with respect t
rays in the y- zfgebsaetiidoptices tHeciihafent ifficlityih aligningethenenses sridewblage! | v

to Fig. 4, the source Sis
amount of space such a system demands. Ellipsoidal reflectors as shown in
Fig. 2 are also used in.prior art systems. Their problems include high cost
5 and the unavoidable magnification of the image which reduces the flux
density at the image. Both of these systems (Figs. 1 and 2) tend to
emphasize the collection and redirection of the maximum amount of light
from a single point source as discussed above. Thus, they fail to optimize

both spot size and light density.

10 A variation to the system illustrated in Fig. 1 was previously
I described in French Patent #1383413. In this configuration a spherical

concave mirror having a center of curvature and an optical axis is used to
collect and condense light from a filament source into a light guide. The
source is placed at the' center of curvature of the mirror and light is focused

15 into the light guide at a point opposite the side on which the spherical mirror
is located. Enhanced performance is achieved by placing a second

| ~ spherical mirror oh the side opposite from the primary spherical reflector to

focus light back through the source to the primary reflector. A hole piaced in
the center of the secondary reflector allows placement of a light guide along

20 the optical axis to collect the reflected radiation. Also de.scribed in Patent
#1383413 is the use of a primary elliptical mirror configured as shown in
Fig. 2, except that a secondary spherical reflector, having a center of
curvature coincident with the source and placed at a distance between the
primary and secondary focai points of the elliptical refiector, is used to

25 increase the amount of collected light into a light guide. The light guide is




*

| ocated on the optical axis z of the reflector ML and is displaced by a
first distance z[err] fromthe primary center of curvature 0. The |ocation
of the point Sis thus defined by the coordinates (O O z[err]) where z[err]
> 0. Simlarly, an imge | of the source S is created on the optical axis z
of the primry -13- reflector ML and is @& splaced by a second di stance
z[err] fromthe primary center of curvature 0. Accordingly, the |ocation of
the point | is thus defined by the '

placed along the optical axis at the secondary focal point and a hole is

placed in the secondary reflector to permit light to enter the light guide.

U.S. Patent No. 4.757,431, the disclosure of which is incorporated

herein by reference, describes an improved condensing and collecting

5 system employing an off-axis spherical reflector to increase the flux density
at the target. As shown in Fig. 3, the prior art off-axis system has a source
transversely displaced from the optical axis of the reflector and a target
placed at an approximately symmetrical position with respect to the optical
axis. However, such a system has certain disadvantages arising from the

10 “off-axis displacement" of the source and target including the presence of

astigmatism parallel to the direction of the off-axis displacement and the
physical limitations inherent in the requirement fo minimize this off-axis
distance. The effect of astigmatism is to decrease the concentrating
efficiency of the system and thereby reduce the flux collected at the target.

15 Also, the requirement to minimize the off-axis distance between the source
and the target due to the resulting astigmatic distortion imposes limitations

on the physical dimensions of the source and target in such a system.

Accordingly, it. is an object of the present invention to provide an on-
axis optical system which énhances the collection of light emitted from a
20 localized source of electromagnetic radiation and subsequently acquired by

a small optical target.

It is another object of the present invention to provide an on-axis

optical system comprising a source, a primary refiector and an optical target,

REPLACEMENT SHEET




§

coordinates (O O z[err]) where z[err].< 0. The values z[err] and z[err] are
approxi mately related by the equation: 5

(1-z[err]/rl) * (1-z[err]/rl) =1 As nentioned above, the preferred

enbodi ment of the present invention enployg-an electric arc |anp as the
source S. Such a lanp generally has a cylindrical glass envel ope which is
denoted as g in Figs. 3, 4, 5 and 6. Wth reference to Fig. 4, the first

di stance z[err] is preferably 10 selected so that the inage point | wll

lie just outsidg vifich b&ththeSsure\Eidditical RilgétereSh fine MitOBBLchtichras ofar y
reflector ML. For such a configuration, the magnification of the source

spot size at thheipnagry psflector) butaxipllyeifsbyfrom one another.

It is a further object of the present invention to provide an on-axis
optical system which eliminates the astigmatic aberrations and physical

5 limitations inherent in an off-axis system.

SUMMARY OF THE INVENTION

To achieve these and other objects, the present invention comprises
a system for condensing and collecting electromagnetic'radiation having a
primary reflector disposed on one side of an electromagnetic radiation
10 source and a target disposed o.n the opposite side of the source. The
primary reflector includes a concave reflecting surface portion, which

preferably forms the entire surface of the reflector.

The concave surface portion of the primary reflector, which is

preferably of a substantially toroidal shape, defines an optical axis.and a

15 primary center of curvature disposed along the optical axis. The source of
electromagnetic radiation is located approximately on the optical axis but
axially offset a first distance from the primary center of curvature in a
direction toward the toroidal surface portion. The target, such as a single
core fiber optic or a fiber optic bundle, is located approximately on the

20 optical axis but axially offset a second distance from the primary center of
curvature in a direction away from the toroidal surface portion for acquiring a
substantially concentrated image of the source reflected by the toroidal

surface portion.
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m= (1-z[err]/r1) / (1-z[err]/r1) It will be observed that for z[err] > 0O
and z[err] <0, m> 1. The nunerical 15 aperture (NA) of the primary
reflector ML as seen fromthe image point | will be equal to the nunerical
aperture as seen fromthe source S divided by the magnification factor m
Whereas it is not possible to achieve unit magnification, this system
mnimzes the degree of nagnification to the extent that it is possible to
mnimze z[err] and z[err]. 20 In rediscing this invention to
practice, it is found that optical aberrations are created by the encl osure

of the source itself, typically an aspherical glass envel ope g, which
itself acts |like a |l ens. The extent of

With this configuration, the first and second distances are
approximately related by the equation (1-z¢/r) x (1-zyf) = 1 where Zg isthe

first distance, z; is the second distance and r is a radius of curvature of the

spherical reflecting surface portion of the primary reflector.

5 . In an alternate embodiment, a secondary reflector, preferably having
a surface concave relative to tﬁe source, may further be added behind the
source on the side opposite the primary reflector to enhance further light
collection. In qrder to permit the coupling of the focused light into the fiber
optic target, the secondary reflector is adapted with a small central hole

10 coincident with the optical axis _of the primary reflector.

According to another alternate embodiment, the system' may further
comprise a housing having sides with innef surfaces forming the primary
reflector and the secondary reflector. in this case, the primary and
secondary reflectors may be integrally joined toéether to form a contiguous

15 reflector disposed about the inner surfaces of the housing. Furthermore, the
housing may also comprise a top aﬁd a bottom affixed to the sides of the
housing to form a sealed enclosure capable of being filled with a gas. In this

' embodiment, a window is provided at a radiation collecting end of the
housing for passage of radiation from within the housing to the radiation

20 collecting end of the fiber optic target which is disposed either adjacent to or

distant from the window.
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pptical aberrations depends on both the shape and uniformty of the glass
envel ope g. Full conpensation can only be done by adjusting the profile of
the reflector ML nunerically which rmakes it highly non-spherical. However,
conpensation for the optical aberrations can be in part achieved by
choosing a toroidal concave reflector as the primary reflecting surface
with a 5 secondary radius r2 chosen so as to conpensate for the | ensing

effect of the lanp envelope. In this respect, a toroidal primary reflector
ML is preferable _ -6- '

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 elliptical reflector
5 system wherein the source is placed at a first focal point and the target is
placed at the second focal point of an imaginary ellipse partially outlined by

the refiector.

Figure 3 is a schematic view in the Y-Z plane of a prior art off-axis

optical system employing a spherical reflector.

10 Figure 4 is a schematic view in the X-Z plane of one embodiment of
the present invention showing the primary and secondary reflectors as

separate elements.

Figure 5 is a schematic view in the Y-Z plane of one embodiment of
the present invention showing the primary and secondary reflectors as

15 separate elements.

Figure 6 is a schematic view in the X-Z plane of another
embodiment of the present invention showing an implementation of the "
primary and secondary reflectors disposed as a single contigﬁous refiector
within a housing having a planar window at the radiation collecting end of

20 the housing.
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to a spherical reflector since the latter cannot provide any conpensation
Tor optical aberrations. The present invention differs fromthe prior art
French Patent 10 #1383413 in that the location of the source Sis not .
coincident with the center of curvature of_jhe spherical reflector used
therein. In the preferred enbodi nent, however, a toroidal primary reflector
ML partially conpensates for optical aberrations caused by a | anp envel ope
g or enclosure. If no enclosure is present or the source S and refl ector

are encl osed within gigard T iss286hepiaticofiew tn thd1X-2 plarenolt ansthembodi ment
woul d consist of a spherical reflector since for this enmbodi ment the
primary and secembedimemaifithe presedt mvention showing an impiementation of the

| primary and secondary reflectors disposed as a single contiguous refiector

within a housing having a hemispherical window.

5 DETAILED DESCRIPTION OF THE INVENTION

" In the following description, for purposes of explanation and not
limitation, specific details are set forth, such as particular numbers, .
dimensions, opticai components, etc. in order to provide a thorough
understanding of the present invention. However, it will be apparent to one

10 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.

15 In accordance with the present invention, as shown in Figs. 4-7, a
condensing and collecting optical system comprises at least three main

- components:

(1) SOURCE. An optical point source of electromagnetic radiation.
in the context of this invention, a point source S is any compact source S of
20 electromagnetic radiation whose angular extent is small. Typically, the
linedr angular size of such a source S is no more than 0.1 radian. For
example, a typical source S may be an electric arc lamp with an arc gap of

approximately 1 mm piaced in front of a concave reflector at a distance of
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the toroidal reflector would be equal. The primary | oss of collection

efficiency in the present invention arises from shadowi ng effects created
by the source Sitself, whether it be a 20 filanment, pair of electrodes,

or other method for generating el ectronmagngti c radi ati on. Wereas the
present invention.produces superior. imaging over that of the prior art,
is less efficient in transmtting radiation to the target. However,
enhancenent in the collecting efficiency my be realized by adding a

secondary refl gobohilaieRFE'RE ffie HP&tefEd SnibdimEnt hoRweVBR 4Rb Sburce S is

a compact xenon arc lamp with a one (1) mm arc length and contained in an
aspherical glass enclosure. However, other enclosures such as ceramic
may also be used as long as the radiation éan be transmitted out from the
s source. For e;(ample; a cylindrical enclosure containing a window at each
end of the cylinder would permit radiation to be transmitted from the source
S. In general, any source S of electfomagnetic radiation which is small
relative to the size of the target may be used, including electric AC and DC
arc lamps, gas-discharge lamps, filament lamps, and light emitting diodes.
10 Furthermore, the types of radiation emitted by a particular source S may
comprise pulsed radiation, continuous-wave radiation, coherent radiation,
incoherent radiation, monochromatic radiation, broad-band radiation and

narrow-band radiation.

(2) PRIMARY REFLECTOR. The primarty reflector M1 focuses

15 electromagnetic radiation from the source S onto the target T. As shoWn in
Fig. 4, the primary reflector M1 comprises a concave reflecting surface
portion P concavé relative to the source S. According to the preferred
embodiment, the reﬂecting' éurface portion P preferably forms the entire
surface of the primary refiector M1. Referring to Fig. 4, the optical system of

20 the present invention is arranged in a épatial coordinaté system having
orthogonal x, y, and Z axes such that the center of curvature of the concave
'reﬂecting portion P is located at the origin O and its optical axis is coincident
with the z axis.

it
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the primary reflector ML. The center of curvature of the secondary
reflector M2 should coincide with the point S. Furthernore, the secondary
reflector M2 should be adapted with a small central hole h coincident with
the optical axis of the primary reflector ML through which a target T, such
as the 5 collection end ¢ of a fiber optic9, can pass so that the
collection end ¢ of the fiber f can be positioned at the point 1.
Preferably, the secondary reflector M2 has a substantially spherical

(elh ot She ace IR LD dokiyi, MAUG 3 n¥onchll g
conprising a sulgkasd pattior P AR beamplentdiited suth as portions of a spheroid, a
paraboloid, an ellipsoid, etc., the present invention preferably utilizes a
substantially toroidal reflecting surface portion P. As shown in Figs. 4 and
s 5, the toroidal reflecting surface portion P has a primary radius of curvature
r1 in the x-z plane (where the center of curvature of the toroidal reflector M1
in the x-z plane is coincident with the origin O in Fig. 4) and a secondary
radius of curvature 12 in the y-z plane (where fhe center of curvature of the
toroidal reflector M1 in the x-z plane is placed at the point ¢2 in Fig. 5).

10 Additionally, the opticél axis of the toroidal reflector M1 is coincident with the
z-axis. The primary radius r1 is chosen so as to place the image point of
collected radiation on the side opposite to the source, whereas the
secondary radius r2 is chosen so as to reduce optical aberrations caused by

the glass enclosure g of the source which acts as a lens.

15 The purpose of having r2 not_ equal to r1 is to bring the image point of
rays in the y-z plane in coincidence with rays in the x-z plane so as to |
reduce the offset between the rays caused by the lensing of a particular
source envelope g. For source enclosures that dp not create any optical
aberration, or for sources that have no enciosure, the primary radius r1 will

20 be équal to the secondary radius r2 so that the primary reflecting surface
portion P becomes spherical. Although a substahtially spherical concave
mirror could be used in all cases, the curved envelope g enciosing many
sources, such as a DC arc lamp, causes elliptical aberrations which require

optical compensation.
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10 aspherical toroidal shape. In addition, the reflecting surface of the
secondary reflector M2 can be treated with an optical preparation in order
to control the flux of the radiation. According to an alternate enbodi nent
of the present invention, shown in Figs. @oand 7, the system may further
conprise a housing 5 15 having sides 7 with inner surfaces 8 forning the
primary reflector ML and the secondary reflector M2. In this case, the
primary and secondary reflectors ML, M2 (i.e., their reflecting surfaces)

Ry e, neearally ) B BGbA%Sh BRbc bl bt BRI A HrS i ofefhgoss
out of ceram cypl L(ONG N frathidfis of the mirror required to compensate for the
aberrations numerically. The resulting surface would be highly non-
spherical. For practical systems, aberrations are greater in the y-z plane
5 than the x-z plane and result in the focal points of rays in each of the two
planes being somewhat off-set from each other. An approximate, but
practically useful-, solution involves the use of a_toroidal surface having r1 of
the x-z plane not equal to r2 of the y-z plane thereby permitting a partial
cofrection and therefore reducing optical aberrations and other
10 imperfecﬁons. By adjusting the secondary radius r2 of a toroidal reflector, a
less distorted image can be formed, permitting overlap of image points in
both planes and resulting in higher collection éfﬁciency of radiation. The net
result compared to a spherical reflector is to improve the condensing
properties of the system so as to collect a greater fraction of light into a small

15 target such as an optical fiber.

Furthermore, for practical purposes, the toroidal or sphérical surface

. portion P may be exposed to optical preparations such as polishing and
application of a reflective coating material (e.g., aluminization) to eithier of a
first, glass-air surface interface or a second housing material-glass surface

20 interface.

(3) TARGET. The target T is a small object which needs to be
illuminated with the highest density electromagnetic radiation possible. In -
the preferred embodiment, the target T is a single core optical fiber f with a

diameter of approximately 0.1 mm. However, the target T may also
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20- variety of materials ﬁay be used including glass, pyrex, quartz, etc.
Furthernore, the housing 5 may al so conprise a top and a bottomaffixed to
the sides 7 of the housing 5 to forma seal ed encl osure capabl e of being
filled wwth a gas. In this manner, the hogzi_ng 5 may be pressurized with an
lonizing gas and fitted with the electrodes of an arc lanp S chosen to 25
maxi m ze brightness and mnimze the angul ar extent of the arc produced.
-16- - _

comprise a target T selected from the group of one or more optical fiber(s) f

having a radiation collection end(s) ¢ polished at an angle perpendicular to

a longitudinal axis of the collection end(s) ¢ of the optical fiber(s) f and one

or more optical fiber(s) f having a radiation collection end(s) ¢ polished at an

5 angle other than perpendicular to a longitudinal axis of the collection end(s)

c of the optical fiber(s) f.

With reference to the prior art Fig. 3, a conventional optical system is
illustrated employing an "off-axis” sphéricai reflector in accordance with the
teachings of the above-mentioned U.S. Patent No. 4,757,431. A spherical

10 mirror M has an optical axis which defines the z axis of a coordinate system
with the origin O disposed at the center of curvature of the mirror M. A
source S is located on the y axis, displaced a distance yg from the origin.
Rays from the source S are reflected by the mirror M and converge near a
point displaced a distance yg below the optical axis z to form a real image |

15 of the source S.

However, off-axis optical systems have inherent drawbacks including
the presence of astigmatism parallel to the direction of the off-axis
displacement and the physical limitations inherent in the requirement to
minimize the off-axis distance yg. The effect of astigmatism is to produce a’

20 point image | which is not properly focused nor imaged at unit magnification
at the target T. Furthermore, the resuiting astigmatism decreases the
concentrating efficiency of thé system and thereby reduces the flux collected
at the target T. Also, the need to reduce the off-axis distance yp between the

source S and the target T in order to minimize the astigmatic distortion
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Additionally, a wi ndow Wcan be provided at a radiation collecting end E of
the housing 5 for passage of radiation fromwi thin the housing 5 to the
radi ati on collecting end ¢ of an optical fiber f. Accordingly, the
radi ation collecting end ¢ of the fiber(s) f may be di sposed adjacent to
the window W5 or distant fromthe wi ndow W The wi ndow Witself may
copprise a planar surface P formed froma substantially transparent,
non-imagi ng optical element or a substantiglly transparent inmaging optical
el enent (see Fig. 6), or alternatively, a planar surface P having a
transparent, non-imagi ng, hem spherical w ndow J centered about the inage
point | formed within the 10 planar surface P (see Fig. 7). Once again,
t he wi ndow Wcan be treated . . ) :

imposes limitations on the physical dimensions of the source S_ and the

target T which can be utilized in such a system.

in comparison, the on-axis system of the present invention does not
suffer from the above-noted problemé due to the fact that the astigmatism
5  which is caused by the 'off-axis distance yg in the conventional off-axis
system is eliminated. Therefore, a subétantially focused image point |
having unit magnification at the target T may, in principle, be obtained with
the present invention. Additionally, the physical size of the system of the
present invention is limited only by the size of the source S, while the size of

10 the source S itself is limited ohly by the curvature of the primary reflector M1.

With reference to the present invention, as shown in Figs. 4-7, a
coordinate syste'rh is defined such that the origin O is located at the center of
curvature of the concave primary refiector M1 and the z axis coincides with
the optical axis of the reflector M1. In the preferred embodiment .of the

15 invention, however, the reflector M1 is substantially toroidal in shape with a
primary radius of curvature r1 having a primary center of curvature with
respect to the rays in the x-z plane coincident with the origin O of the
coordinate system. The secondary radius of curvature r2 defines a
secondary center of curvature with respect to the rays in the y-z plane

20 located at the pbint c2. Referring specifically to Fig. 4, the source S is
located on the optical axis z of the reflector M1 and is displaced by a first
distance zs from the primary center of curvature O. The location of the point
S is thus defined by the coordinates (0,0,zs) where zs > 0. Similarly, an

image | of the source S is created on the optical axis z of the primary
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with an opti'cal preparation in order to control the radiation flux. It wll
be recogni zed that the above described invention nmay be enbodi ed in other
speci fic arrangenents and housi ngs w thout departing fromthe spirit or
essential characteristics of the disclosurgs_Thus, it is 15 wunderstood
that the invention is not to be [imted by the foregoing illustrative
details, but rather is to be defined by the appended cl ai ns. -17-

reflector M1 and is displaced by a second distance z; from the primary center
of curvature O. Accordingly, the location of the point | is thus defined by the
coordinates (0,0 zj) where zj < 0. The values zs and 2; are approximately

related by the equation:
.5 (1-zgfr1) * (1-2i/r1) =1

~ As mentioned above, the préferred embodiment of the present
invention employs an electric arc lamp as the source S. Such a lamp
generally has a cylindrical glass envelope which is denoted as g in Figs. 3
4, 5 and 6. With reference to Fig. 4, the first distance zg is prefer_ably
10 selected so that the image point | will lie just outside of the glass envelope g
on the side opposite the primary reflector M1. For such a configuration, the

magnification of the source spot size at the image point | is given by:
m = (1-zi/r1) / (1-z¢/r])

it will be observed that for zg > 0 and z; < 0, m > 1. The numerical
15 aperture (NA) of the primary reflector M1 as seen from the image point | wiil
be equal to the numerical épeﬁure as seen from the source S divided by the
magnification factor m. Whereas it is not possible to achieve unit
magnification, this systém minimizes the degree of magnification to the

extent that it is possible to min_imize z;and zg.

20 In reducing this invention to practice, it is found that optlcal
aberrations are created by the enclosure of the source itself, typlcaﬂy an
asphericai glass envelope g, which itself acts like a lens. The extent of

optical aberrations depends on both the shape and uniformity of the glass
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CLAI M5 1. :A system for condensing and coll ecting el ectromagnetic 2

radi ati on conprising: 3 a primary reflector having a concave
reflecting surface portion, 4 the concave surface portion having an
optical axis and a primary 5 center of cti&ature di sposed along the
optical axis; 6 a source of electromagnetic radiation |ocated
approximately on 7 the optical axis but axially offset a first distance
fromthe primary 8 center of curvature of the concave surface portion in a

direction 9 tuRE@pbRE EQANEGMBeridiioRTan ety b torR By adjusting the profile of

the reflector M1 numerically which makes it highly non-spherical. However,
compensation for the optical aberrations can be in part achieved by
choosing a toroidal concave reflector as the primary reflecting surface with a
5 secondary radius r2 chosen so as to compensate for the lensing effect of the
lamp envelope. In this respect, a toroidal primary reflector M1 is preferable
to a spherical reflector since the latter cannot provide any coﬁpensation for

optical aberrations.

The present invention differs from the prior art French Patent

10 #1383413 in that the location of the source S is not coincident with the
center of curvature of the spherical reflector used therein. In the preferred
embodiment, however, a toroidal primary reflector M1 partially compensates
for optical aberrations caused by a lamp envelope g or enclosure. If no
enclosure is present or the source S and reflector are enclosed within the

15 same enclosure, the altemative embodiment would consist of a spherical
reflector since for this embodiment the primary and secondary radii r1, r2 of

the toroidal reflector would be equal.

The primary loss of collection efficiency in the present invention
arises from shadowing effects created by the source S itself, whether it be a
20 filament, pair of electrodes, or other method for generating electromagnetic
radiation. Whereas the present invention produces superior imaging over
that of the prior art, it is less efficient in transmitting radiation to the target.
However, enhancement in the collecting efficiency may be realized by

adding a secondary reflector M2 behind the source S on the side opposite
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10 . a target |ocated approximtely on the optical axis but axially 11
of fset a second distance fromthe primary center of curvature of the 12
concave surface portion in a direction away fromthe concave surface 13
portion for acquiring a substantially focus®ed i nage of the source 14

reflected by the concave surface portion. 1 2. The system of claim
1, wherein the first and second distances 2 are approximately related by
the equation 3 (1-z[err]/rl) x (1-z[err]/rl)=1

¢ anere e oy Kb A 106 S o by O SR et 1
portion of the \35isHBLM coincide with the point S. Furthermore, the secondary reflector
M2 should be adaptéd with a small central hole h coincident with the optical
axis of the primary reflector M1 through which a target T, such as the
5 collection end c of a fiber optic f, cah pass so that the collection end ¢ of the
fiber f can be positioned at the pointll. Preferably, the seéondary reflector
M2 has a substantially spherical reflecting surface concave relative to the
source S. Yet, the reflecting surface pf the secondary reflector M2 may aiso
form a portion of a shape comprising a substantially toroidal shape or an
10 aspherical toroidal shape. In addition, the reflecting surface of the

secondary reflector M2 can be treated with an optical preparation in order to

control the flux of the radiation.

According to an alternate embodiment of the present invention,

shown in Figs. 6 and 7, the system may further comprise a housing 5

15  having sides 7 with inner surfaces 8 forming the primary reflector M1 and the
secondary reflector M2. In this case, the primary and secondary reflectors
M1, M2 (i.e., their reflecting surfaces) may be integrally joined together to
form a contiguous reflector 9 disposed about the inner surfaces 8 of the
housing 5. The housing is preferably made out of ceramic although a wide

20 variety of materials may be used including glass, pyrex, quartz, etc.
Furthermore, the housing 5§ may also comprise a top and a bottom affixed to
the sides 7 of the housing 5 to form a sealed enclosure capable of being
filled with a gas. In this manner, the housing 5 may be pressurized with an
ionizing gas and fitted with the electrodes of an arc lamp S chosen to

25 maximize brightness and minimize the angular extent of the arc produced.
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6 reflector. -18- 1 3. The systemof claim1, wherein the
concave surface portion 2 conprises one of a substantially parabolic shape,
a substantially elliptical 3 shape, a substantially toroidal shape and a
substantially aspheric shape. 1 4. -tbe system of claim 1, wherein

t he concave surface portion 2 conprises a substantially toroidal shape to
forma toroidal surface portion

Additionally, a window W can be provided at a radiation collecting
end E of the housing & for paésage of radiation from within the housing 5 to’
the radiation collecting end c of an optical fiber f. Accordingly, the radiation
collecting end ¢ of the fiber(s) f may be disposed adjacent to the window W

5 or distant from the window W. The window W itself may comprise a planar
surface P formed from a substantially transparent, non-imaging optical
element or a substantiaily tranSparent imaging optical element (see Fig. 6),
or alternatively, a planar surface P having a transparent, non-imaging,
hemispherical window J centered about the image point | formed within the

10 planar surface P (see Fig. 7). Once again, the window W can be treated

with an optical preparation in order to control the radiation fiux.

It will be recognized that the above described invention may be
embodied in other specific arrangements and housings without departing
from the spirit or essential characteristics of the disclosure. Thus, it is

15 understood that the invention is not to be limited by the foregoing illustrative

details, but rather is to be defined by the appended claims.

2 N Ty
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3 having the primary center "of curvature and a corresponding prinary radius
4 of curvature in a first plane and a secondary center of curvature and 5
correspondi ng secondary radius of curvature in a second plane 6

perpendi cular to the first plane, the primary radius of Turvature having a
7 different length than the secondary radius of curvatur

optigal 8 aberrations caused by a particular source envel mllfml i“ﬂr"ﬂ' !L
the source 9 by bringing a first image point produced by*Tightitrays sn«

first plane in 10 coincidence'with a secan¢-i nage point produced by |ight

rays in the second 11 plane. 1 5. The system of claim1, wherein
t he concave surface portion

CLAIMS
1 1. A system for condensing and collecting electromagnetic
2 radiation comprising:
3 a primary reflector having a concave reflecting surface portion,

4 the concave surface portion having an optical axis and a primary
s center of curvature disposed along the optical axis; |
6 a source of electromagnetic radiation jocated approximately on
7 the optical axis but axially offset a first distance from the primary
8 center of curvature of the concave surfaée portion in a direction
9 toward the concave surface portion; and
10 a target located approx_ifnately on the optical axis but axially
11 offset a second diétance from the primary center of curvature of the
12 concave surface portion in a direction away from the concave surface
13 portion for acquiring a substantially focused image of the source

14 reflected by the concave surface portion.

1 2. The systém of claim 1, wherein the first and second distances
2 are approximately related by the equation |

3 _ (1-zgfrt) x (1-zir1) =1

4 where zg is the first distance, z; is the second distance and r1 is a primary

5 radius of curvature of the concave reflecting surface portion of the primary

6 reflector.
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2 fornms the entire surface of the primary reflector. 1 6. The
syst em of claim1l1, wherein the source of el ectromagnetic-2 radiation

conprises a |light source selected fromthe group consistin

el ectric AC arc lanp, an electric DC arc |anp, a gas-di ¢ ﬁ'HHI"III"HIIIIeHIm
filament lanmp, a light emtting diode, and a sem - condu

The system of claim 1, wherein the radi atigg_emtted by, the ) source -
conpri ses radiation sel ected fromthe group consisting of pul sed

1 3. The system of claim 1, wherein the concave surface portion

[ 3]

comprises one of a substantially parabolic shape, a substantially elliptical

(¥3]

shape, a substantially toroidal shape and a substar_\tially aspheric shape.

1 - 4, The system of claim 1, wherein the concave surface portion

2 comprises a substantially.toroidal shape to form a toroidal surface portion

3 having the primary center of curvature and a corresponding primary radius
4 of curvature in a first plane and a secondary center of curvature and

5 corresponding secondary radius of curvature in a second plane

6 perpendicular to the first plane, the primary radius of curvature having a |

7  different length than the secondary radius of curvature for reducing optical

8 aberrations caused by a particular source envelope surrounding the source
9 by bringing a first image point produced by light rays in the first plane in
10 coincidence with a second image point bro.dhced by light rays in the second

11 plane.

1 5. The system of claim 1, wherein the concave surface portion

2 forms the entire surface of the primary reflector.

1 6.  The system of claim 1, wherein the source of electromagnetic
2 radiation comprises a light source selected from the group consisting of an
3 electric AC arc lamp, an electric DC arc lamp, a gas-discharge lamp, a

4 - filament lamp, a light emitting diode, and a sémi-conductor.
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3 radiation, continuous-wave radi ation, coherent radiation, incoherent 4
radi ati on, nonochromatic radiation, broad-band radiation, -narrow band 5
radi ati on and any conbi nati on of pul sed radiation, contin =

radi ati.on, coherent radiation, incoherent radiation, npnoc j '
radi ation, 7 broad-band radiation and narrow band ram gﬂ“ﬁﬂ& ““\8
The systemof claim1, wherein the target conprises bl eet ed
fromthe group consisting of at |east onmd%ptical fiber having a 3 proxinal
end cut at an angl e perpendicular to a |longitudinal axis of the 4 proxinal
end of the optical fiber and at |east one optical fiber having a 5 proxi nal
end cut at an angle other than perpendicular to a |ongitudinal axis

1 7. The system of claim 1, wherein the radiation emitted by the

2 source comprises radiation selected frofn the group consisting of pulsea

3 radiation, continuous-wave radiation, coherent radiation, incoherent

4 radiation, monochromatic radiation, broad-band radiation, nérrow-band

5 radiation and any combination of pulsed radiation, continuous-wave

6 radiation, coherent radiation, incoherent radiation, monochromatic radiation,

7 broad-band radiation and narrow-band radiation.

1 8. The.system of claim 1, wherein the target comprises a target

2 selected from the group consisting of at least one optical fiber having a

3 proximal end cut at an angle pérpendicular to a longitudinal axis of the

4 proximal end of the optical fiber and at least oné optical fiber having a

5 proximal end cut at ah angle other than perpendicular io a longitudinal axis

6 of the proximal end of the optical fiber.

1 | 9. The system of claim 1, wherein the source of radiation

2 comprises a lamp having an envelope, and a corrective optic is disposed in
3 a position selected from the group consist?ng of a first position between the

4 concave surface portion of the primary reflector and the source and a

5 second position between the source and the target to compensate for optical

6 aberrations in the substantially focused image caused by the envelope of

7 the lamp.

1 10.  The system of claim 1, wherein the system further comprises a

2 secondary reflector disposed substantially opposite from the concave.
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6-of the proximal end of the optical fiber. 1 9. The system of
claim1, wherein the source of radiation 2 conprises a lanp having an

envel ope, and a corrective optic is disposed in 3 a position selected from
the group consisting of a first position between the—4—eceoncave—sturface
portion of the primary reflector and the source an I on
between the source and the target to conpensate fo Ilnm"ﬂmm]] FE Eatlons
in-the substantially focused inmage causegpby t he enwel epeLofn

10. The systemof claim 1, wherein the &yYstem further conprises a 2
secondary reflector disposed substantially opposite fromthe concave

!

reflecting portion of the primary reflector relative to the source for reflecting

w

4 radiation emitted from the source back through the source and onto the

'~ 5 concave reflecting surface portion of the primary refiector.

1 11.  The system of claim 10, wherein the secondary reflector has a
2 reflecting surface concave relative to the source comprising a portion of a
3 shape selected from the group consisting of a substantially toroidal shape, a

4 substantially spherical shape and a substantially aspheric shape.

1 12. The system of claim 11, wherein the reflecting surfaces of the
2 primary reflector and the secondary reflector are treated with at least one

3 optical preparation to control the radiation flux._

1 13. The system of claim 10, wherein the target comprises an

2 optical fiber having a collection end for receiving radiation reflected from the
3 concave surface portion of th_e primary reflector, and the secondary reflector
4 has a surface with an aperture formed in the surface coincident with the

5 optical axis for passage of the collection end of the optical fiber.

1 14. The system of claim 10; wherein the system further comprises
2 a housing having sides with inner surfaces forming the primary reflector and

3 the secondary refiector.




20 3 reflecting portion of the primary reflector relative to the source
for reflecting 4 radiation emitted fromthe source back through the source
and onto the 5 concave reflecting surface portion of mulﬂ“lmruullm“
reflector. 1 11. The system of cl agm 10, where

refl ector has a 2 reflecting surface concave relative to the" solirce

conprising a portion of a 3 shape selected fromthe group consisting of a
substantially toroidal shape, a

1 16.  The system of claim 14, wherein the housing further comprises

2 atop and a bottom affixed to the sides of the housing to form a sealed

3 enclosure capable of being fili=d with a pressurized gas.

1 16. The system of claim 14, wherein the primary and secondary
2 reflectors are integrally joined together to form a contiguous reflector

3 disposed about the inner surfaces of the housing.

1 17. The syﬁsfem of claim i4, wherein the housing further comprisés
2 awindow disposed at a radiation collecting end of the housing for passage
3 of radiation from within the housing to a proximal end of an optical fiber

4 selected from the group consisting of a first optical fiber having a radiation

5 collecting end disposed adjacent to the window and a second optical fiber

6 having a radiation collecting end disposed distant from the window.

1 18.  The system of claim 17, wherein the window comprises a
2 blanar surface. formed from a material selected from the group consisting of
3 a substantially transparent, non-imaging optical element and a substantially

4 transparent imaging optical element.

1 19. The system of ciaim 17, wherein the window comprises a

2 planar surface having a transparent, non-imaging, hemispherical window

3 formed within the planar surface,' the hemispherical window being centered
4  about the substantially focused image reflected by the spherical surface

5 portion of the primary reflector.




-

4 substantially spherical shape and a substantially aspheric shape. 1

12. The systemof claim 11, wherein the reflecting surfaces of the 2
primary reflector and the secondary reflector are treated with at | east one
3 optical preparation to control the radiation flux._ 1 -
system of claim 10, wherein the target conprises an 2 | caleedi R Vi ng
a collection end for receiving radi ation reflected froﬂﬂi “ﬂ\e“‘mﬂ@um
surface portion of the primary reflector, -and the seco E1 [vecsor *4

has a surface with an aperture fornmed in the surface coincident with the 5

optical axis for passage of the collect id2 end of the optical fiber. 1
14. The system of claim 10, wherein the system further conprises

1 20. The system of claim 17, wherein the window is treated with at

2 least one optical preparation to control the radiation flux.




2 a housing having sides with inner surfaces formng the primary reflector
and 3 the secondary reflector. F-21- 1 © 15. The. system of claim
14, wherein the housing further conprises 2 a top and a bottomaffixed to
the sides of the housing to forma seal ed_3 encl osure capabl e of being
filled wth a pressurized gas. 1 18  The system of claim 14,
wherein the primary and secondary

ABSTRACT

CONDENSING AND COLLECTING OPTICAL SYSTEM WITH
AXTALLY DISPLACED CONCAVE REFLECTOR

The present invention comprises s system for condensing and collecting
electromagnetic radiation having a primary reflector (P, M1) disposed on one side
of an electromagnetic radiation source and a target (T) disposed on the opposite
side of the source (S). The primary reflector (P, M1) includes a concave
reflecting surface portion, which preferably forms the entire surface of the
reflector. The concave surface portion of the primary reflector (P, M1), which
is preferably of a substantially toroidal shape, defines an optical axis and a primary
center of curvature disposed along the optical axis (z). The source (S) of
electromagnetic radiation is located approximately on the optical axis (z) but
axially offset a first distance from the center of a curvature in a direction toward
the concave surface portion. The t_érget (T) i.e. a single core fiber optic (f) or a
fiber optic bundle, is located approximately on the optical axis (z) but axially
offset a second distance from the center of curvature.

Figure 5
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2 reflectors are integrally joined together to forma contiguous reflector
3 disposed about the inner surfaces of the housing. 1 17. The
system of claim 14, wherein the housing further conprises 2 a w ndow

di sposed at a radiation collecting end of the housing for passage 3 of
radiation fromwi thin the housing to a proxinmal end of an optical fiber 4
sel ected fromthe group consisting of a first optical fiber having a
radiation 5 collecting end disposed adj#gent to the wi ndow and a second
optical fiber 6 having a radiation collecting end di sposed di stant from

the wi ndow. 1 18. The systemof claim17, wherein the w ndow
conprises a 2 planar surface formed froma material selected fromthe
group consisting of 3
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3 a substantially transparent, non-imagi ng optical elenent and a
Substantially 4 transparent inmaging optical elenment. 1 19. The
system of claim 17, wherein the wi ndow conprises a 2 planar surface having
a.transparent, non-imagi ng, hem spherical window 3 formed within the

pl anar -surface,- the hem spherical w ndow being centered 4 about the
substantially focused i mage refl ected by the spherical surface 5 portion
of the primary reflector.

OPTICAL FIBH\’W
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FIG. 2
PRIOR ART
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20. The systemof claim 17, wherein the windowis treated with at 2 |east
one optical preparation to control the radiation flux.

/5
FIG. 3
PRIOR ART
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