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[57] ABSTRACT 
A light trap into which a beam of light is directed and 
caused to be re?ected many times through a focal 
point over a different path on each re?ection to 
achieve an increase in light energy density at the focal 
point from a given light energy beam. Very large gains 
may be achieved utilizing a concave ellipsoidal light 
re?ector which re?ects light directed from a primary 
focal point toward a secondary focal point along a 
common axis and-a second light re?ector which re 
?ects light directed toward the secondary focal point 
back toward the primary focal point and the concave 
ellipsoidal re?ector, the second light re?ector being 
either an ellipsoidal or planar re?ector, in combina 
tion with an appropriately oriented spherical re?ector. 

5 Claims, 7 Drawing Figures 
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LIGHT TRAP 

BACKGROUND OF INVENTION 

There are some applications of light where it is desir 
able to provide very high energy light densities at some 
location or region for some desired purpose. High en 
ergy density light may be produced from various light 
sources, such as from lasers, mercury arc lamps, or the 
like, and these energies increased by various light 
source operating techniques like Q-switching and other 
mechanisms appropriate to the particular light source. 
It is readily apparent that as the energy requirements of 
the light beams are increased, the light sources require 
ever increasing amounts of power or energy to produce 
these light beam energies. 

In many of these applications, only a small percent 
age of the light energy in a beam of light may be uti 
lized. Thus, even though the intensity or energy of a 
light beam may be increased by appropriate means, as 
referred to above, the efficiency of the device remains 
low. Some attempts have been made to provide multi 
ple reflections of a light beam so as to cause the light 
beam to traverse certain locations more than once to 
achieve higher percentage of utilization of light energy 
in a given beam. However, these prior devices have 
generally been limited as to the number of re?ections 
that may be achieved or the re?ection paths have been 
directed over a relatively wide area. These prior multi 
ple path light beam de?ectors, for example, may utilize 
a pair of planar mirrors at some angle with respect to 
each other or combinations of concave or spherical 
mirrors or portions of spherical mirrors and planar mir 
rors. In most of these prior systems, the light beam 
paths generally neither crossed nor followed or ap 
proached the same path or location more than twice. 

Ellipsoidal mirrors have also been used in the past for 
directing light from a ?rst focus of themirror to a sec 
ond focus with a change in f-number or to collect light 
from a point source located at one of the foci and then 
imaging it at the other focus, again with a change in f 
number. These prior ellipsoidal mirror devices gener 
ally utilize only a single re?ection from the mirror sur 
face. 
As noted above, high energy density light beams are 

useful in various applications. For example, a light 
beam may be directed through a gas sample and the 
Raman scattered light sensed to identify the molecular 
species of the gas, measure the concentration of the 
gas, study the molecular structure of the gas, and the 
like. The total intensity of molecular scattering from 
the gas may typically be of the order of 10-“) of the in 
cident light beam intensity, of which about one percent 
may be attributed to the Raman spectrum. It can be 
seen that even with high powered light sources, Raman 
scattering can still be at extremely low intensities. Since 
the Raman scattering is of such extremely low level, 
Raman signals are often detected by highly sensitive 
photon counting equipment which, for various reasons, 
are readily accessible to error. Also, because of the na 
ture of the measurements being made, the Raman scat 
tering is generally sensed from a relatively small area or 
volume to insure accuracy of measurements. Attempts 
have been made to increase light energy density in such 
applications using a concave mirror with either another 
concave mirror or a planar mirror. These attempts have 
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been at least partially successful, but it would be desir 
able to produce even larger light ?uxes or light energy 
densities in a given volume from a unit light source. 

SUMMARY OF INVENTION 

In view of the above, it is an object of this invention 
to provide an optical device which effectively “traps” 
a beam of light within a volume and re?ects the light 
back and forth repetitively through the volume near a 
focal point. 

It is a further object of this invention to provide such 
a light trapping function within a relatively simple opti 
cal re?ector system which effectively increases the 
light intensity at a given location by a factor of about 
4 over the previously achieved. 
Various other objects and advantages will appear 

from the following description of the invention, and the 
most novel features will be particularly pointed ‘out 
hereinafter in connection with the appended claims. It 
will be understood that various changes in the details 
and arrangements of the parts, which are herein de 
scribed and illustrated in order to explain the natureof 
the invention, may be made by those skilled in the art. 

The invention comprises an ellipsoidal re?ector opti 
cally coupled to either a planar or second ellipsoidal 
re?ector adapted to trap a beam of light in an optical 
cavity formed by said re?ectors by cycling thereof back 
and forth between said re?ectors, together with a por 
tion of spherical re?ector disposed annularly about one 
of said re?ectors with-center of curvature to re?ect 
magni?ed images back into the optical cavity through 
3 additional complete cycles. 

DESCRIPTION OF DRAWING 
The present invention is illustrated in the accompa 

nying drawing wherein: ’ 
FIG. 1 is a cross-sectional and somewhat diagram 

matic view of a light trap which incorporates the in 
creased gain features of this invention and its use with 
a Raman spectroscope; 
FIG. 2a is a graph of beam passes (n), initial light 

beam image size (do), and maximum light beam image 
size (D) with increasing eccentricities for the light trap 
of FIG. 1; » 

FIG. 2b is a graph of scattered light gain for the light 
trap of FIG. 1 as a function of re?ectivity and eccen 
tricity of the re?ectors; 
FIG. 20 is a graph of gain as a function of the radius 

of the ellipsoidal re?ector of FIG. 1 for different eccen 
tricities; 
FIG. 3 is a diagrammatic view of another arrange 

ment of a light trap; 
FIG. 4 is a diagrammatic view of still another optical 

light trap having increased gain capabilities in accor 
dance with this invention; and 
FIG. 5 is another diagrammatic view of an optical de 

vice which utilizes the light trapping capabilities of this 
invention. ‘ 

DETAILED DESCRIPTION 
For purposes of this invention, the term “ellipsoidal 

re?ector” is de?ned as a symmetrical section or por- ' 
tion of a concave re?ecting surface of an ellipse rotated 
about its major axis, the section being symmetrical 
about said axis. A “spherical reflector” is de?ned as a 
concave re?ective portion of a sphere. 
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in this invention, a light trap consisting of a concave 
and preferably ellipsoidal re?ector which re?ects light 
directed from a ?rst focal point toward a second focal 
point further removed from the concave re?ector and 
another light re?ector which re?ects light directed 
towards the second focal point back towards the ?rst 
focal point in the concave re?ector is provided with a 
spherical re?ector having a center of curvature at one 
of said focal points and positioned behind and annu 
larly emcompassing one of said re?ectors. As the light 
is re?ected back and forth between the concave re?ec 
tor and the other re?ector, the center of the light beam 
approaches parallelism and coincidence with the axis 
joining the focal points, which axis is generally the 
major axis of the ellipsoidal re?ector. The orientation 
of the re?ectors is such that the light beam may be si 
multaneously magni?ed during certain of the traversals 
of the light trap and at some point “escape” around the 
periphery of either the concave or other light re?ector 
,as an annular fringe of light and be ‘_‘caught” by the 
spherical re?ector and returned toward one of the focal 
points. The re?ectors are arranged so as to provide four 
complete cycles of light beam re?ections. 

In the arrangement of the light trap shown in FIG. 1, 
this light trapping may be achieved by the concave el 
lipsoidal mirror‘or re?ector 10, which has a first or near 
focal point 12 and a second or far focal point 14 situ 
ated along its major axis, a planar mirror or re?ector 16 
and an‘ annular spherical mirror or reflector 18. Each 
of the reflectors may be made of any appropriate mate 
rial with're?ective surfaces of very high re?ectivity in 
desired wavelength ranges such as a glass with suitable 
dielectric coatings to‘provide re?ection at the surface 
of the glass. The re?ective surface of re?ector 16 is 
preferably positioned at the midway point between 
focal points 12 and 14 and perpendicular to the major 
axis of re?ector 10. Annular spherical re?ector 18 may 
bev made a .unitaryand composite part of planar re?ec 
tor 16 about the periphery thereof and preferably has 
a radius of curvature centered at focal point 12 and 
equal to the distance between focal point 12 and the 
periphery of the re?ecting surface of re?ector 16. The 
combination of concave re?ector l0, planar re?ector 
16 andv annular spherical re?ector 18 forms van optical 
cavity 20. , ' _ 

Any light beams injected into the optical cavity 20 
formed by re?ectors 10, 16 and 18 with an appropriate 
initial direction, may be trapped within the optical .cav-v 
ity for some number of re?ections. For example, a light 
beam'22 may be directed from an appropriate light 
source 24 through an optical aperture or opening 26 in 
annular spherical re?ector 18 toward focal point 12 
and re?ector 10, as shown. Light source 24 may be any 
appropriate light producing apparatus with or without 
appropriate lenses, mirrors or the like to produce a de 
sired size and intensity of light beam. Particularly ap 
propriate light sources may be continuous wave or 
pulsed laser systems which produce monochromatic 
beams of light. The initial light beam may also be di 
rected, if desired, from the general direction of con 
cave re?ector 10 toward focal point l4,and against pla 
nar re?ector 16. 
The light beam 22, after passing through focal point 

12, will‘ re?ect from the re?ective surface of concave 
re?ector ‘10 toward focal point 14 to the re?ective sur 
face of planar re?ector 16, as shown by the re?ected 
beam 22a. Beam 22a will in turn be reflected from re 
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?ector 16 back towards focal point 12 and re?ector 10, 
as shown by light beam 22b. The light beam will con 
tinue to be re?ected from the respective surfaces 
toward the respective focal points, succeeding beam 
paths continuously approaching the major axis and 
passing through focal point 12 after every second re 
?ection. 

Planar mirror 16 is dimensioned so that the diameter 
of its re?ective surface at its location halfway between 
focal points 12 and 14 is no greater than an imaginary 
cone having an apex at focal point 14 and a base about 
the periphery of concave re?ector 10. Whenthe light 
beam is re?ected through focal point 12, the diameter 
of the beam is magni?ed in accordance with the formu 
las ' 

e = c/a 

where; 
M = magni?cation; 
e = eccentricity of concave re?ector 10; 
c = half of the separation distance between the 

focal points; and ' 
a = distance between the concave re?ective sur 
face along its major axis to a point midway be 
tween the focal points. 

The spot diameters of the successive return beams in 
the v“focal,planes” are demagni?ed and converged to 
the major axis. When the magni?ed image diameter, or 
a portion thereof, is larger than the imaginary cone re 
ferred to above, the light beam may exceed the diame 
ter of planar reflector 16 and attempt .to “escape” as an 
annular fringe about its periphery. The light rays in the 
portion of this beam intercepted by re?ector 16 may 
make an additional pass through the optical cavity 20 
before another magni?ed portion exceeds the diameter 
of planar re?ector 16. The number of passes (it) that 
a light beam may take through optical cavity- 20 before 
any light “escapes” around the periphery of planar re 
?ector 16 is a function of the magni?cation (M),'the 
initial image size (do) of light beam 22 at focal point 12 
and the diameter (D) at the focal point 12 of the cone 
formed by the periphery of concave mirror 10 and its 
apex at focal point 14. This may be shown by the fol 
lowing formula: 

n = integer [ln(D/d0)/ln M] 

(l) 
' (2) 

(3,) 

Since the planar re?ector 16 is circumscribed by an 
nular spherical mirror 18 whose origin is coincident 
with focal point 12, the “escaping” light beam or light 
beam portion about planar reflector 16 will be directed 
back into optical cavity 20 along an inverted path. Be 
cause the redirected light follows an inverted path, the 
light beam will make as many passes through the opti 
cal cavity as in the first set of passes and eventually ar 
rive at the re?ective surface of annular spherical re?ec~ 
tor 18 on the side of the planar mirror 16 diagonally op 
posite the entrance passageway 26.‘ It should be noted 
that for each pass of light through focal point 12 that 
a light beam return pass is also made through the “focal 
region” about focal point 12 so that a complete cycle 
of light beam re?ections and traversals of optical cavity 
20 before “escape” of light around the periphery of 
planar re?ector 16 requires 2n light beam passes 
through the focal region around focal point 12. Thus, 
a light beam portion that made 2n + 2 passes through 
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the focal region before arriving at the spherical re?ec 
tor 26 makes a total of 4n + 4 passes before returning 
to the sphere at a spot opposite the entrance passage 
way 26. A light beam that made 211 +4 passes through 
the focal region before arriving at the spherical reflec 
tor 18 makes a total of 4n + 8 passes before returning 
to the spherical re?ector at the same spot opposite the 
entrance passageway 26. Each successive outer cone of 
light that is redirected back into the cell by the spheri 
cal re?ector, eventually arrives back at the spherical 
re?ector at a point diametrically across the planar re 
?ector 16 from the entrance passageway 26. These 
light beams are returned in the same manner to the ori 
gin of the spherical re?ector, e.g. near focal point 12 
of concave re?ector 10, where the beams go through 
a third set of passes and another cycle, inverted with 
respect to but otherwise identical in nature to the ?rst 
cycle or set of passes. As in the ?rst set of passes, the 
light beams are magni?ed again‘ and eventually try to 
escape around the periphery of the re?ector 16 
towards the spherical re?ector 18 and are thence re 
turned for a fourth set of passes, inverted with respect 
to but otherwise identical to the second set of passes. 
The light beams of the fourth cycle eventually return to 
the spherical re?ector 18 at the entrance passageway 
26 where they escape from the optical cavity 20. 

It is generally desirable to maintain the magni?ca 
tion, and thus the eccentricity of concave re?ector 10, 
to as low a level as may be practical to maintain light 
energy densities at desired levels for the longest period 
of time and to provide the greatest number of light 
beam passes as possible. It has been found that the 
maximum eccentricity should be less than about 0.2 to 
keep the efficiency of the light trap at reasonable lev 
els. The maximum image size (D) which may be en 
closed within the light trap of FIG. 1, before the light 
beam begins to impinge against spherical re?ector 18 
may be determined from the following formulas: 
D = 4 0 Tan 0: 

(5) 

where; 
r = radius of ellipsoidal re?ector; and 
a = angle between major axis and line drawn from 
periphery of ellipsoidal re?ector ‘to far focal 
point. 

From these formulas, a light trap may be designed to 
produce some desired number of re?ections in each 
cycle from an initial desired image size and other ap 
propriate combination of initial parameters. The total 
intensity or energy density (I) of light at the focal point 
12 and around the focal region after four complete cy 
cles through the focus with a mirror re?ectivity (R) and 
an initial light beam intensity (I0), may be determined 
from the formula: 

The total light intensity gain at the focal region around 
focal point 12 may be determined by dividing I by Io. 
It can be seen that the reflectivity should be maintained 
to as high a level as possible, such as generally above 
99 percent, while the mangi?cation is maintained gen 
erally to the lowest levels achievable. 
Various uses, as mentioned above, may be made of 

the light beam which is thus trapped in optical cavity 
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20. For example, a gas may be located within or passed 
through the optical cavity 20 and a portion of the light 
scattered from the gas in the focal region near focal 
point 12 may be sensed and measured through an ap 
propriate viewing slit and optical light scattering collec 
tion apparatus by‘a light spectrometer 28. The scat 
tered light is shown diagrammatically by beam 30. 
Light spectrometer 28 may include appropriate photo 
sensitive or photomultiplier detectors, or the like, cou 
pled to suitable recorders which will measure and indi 
cate the amplitude and wavelength of the scattered 
light. Since the light beam 22, which has an energy 
level determined by the light source 24 and optical 
losses produced therein and by any other optical ele 
ments, is passed repetitively through or near focal point 
12, any gas at focal point 12 will be subjected to the 
light energy at each pass and produce scattered light 
for sensing by light spectrometer 28. The amplitude of 
the scattered light is thus enhanced by the light trap by 
an amount approximating the number of passes of the 
light beam between the re?ective surfaces of re?ectors 
10, 16 and 18 and the energy density of this light beam 
at each pass through the focal region near focal point 
12 and the viewing slit or area. Other utilization means 
may also be appropriately coupled to the light trap in 
a similar manner. It has been found that the viewing slit 
should be of height equal to the maximum image size 
(D) to provide the maximum light beam intensity gain. 
The total scattered light intensity (I’) in terms of the 
intensity (I,,’) scattered in one light beam pass may be 
found from the same general formula (6) above. 

Plots of the pertinent parameters specifying the gain 
of the light trap are shown in FIGS. 2a, 2b and 20. 
These curves represent an arrangement with a = 15.24 
centimeters, r = 3.81 centimeters and a light wave- 
length of 5000 angstroms. The relationship of n, d0 (in 
terms of microns) and D (in terms of millimeters) with 
changing eccentricities is shown in FIG. 2a. It should be 
noted that as the eccentricity approaches zero, the 
image diameter (d,,) approaches the maximum magni 
?ed image diameter (D) and do may become equal to 
D at an eccentricity of about 0.004.Thus, as the eccen 
tricity approaches zero, n goes through a maximum and 
then goes to about zero. A plot of [/10 is illustrated in 
FIG. 2b for a range of values of the eccentricity and re 
?ectivity for the lighttrap of FIG. 1. With a re?ectivity 
of about 99 percent a maximum gain of about 100 may 
be obtained with an eccentricity of about 0.009 while 
for a re?ectivity of about 99.9 percent, a maximum 
gain of about 612 may be obtained with an eccentricity 
of about 0.0085. The dependence of gain on the radius 
of the concave re?ector 10 for various values of eccen 
tricity and for a reflectivity of about 99.9 percent is 
shown in FIG. 20. It can be seen that a larger diameter 
concave re?ector 10 has an advantage with eccentrici 
ties less than about 0.15. 
A light trap having the dimensions noted above, and 

with an eccentricity of-0.2 in the arrangement of FIG. 
1 with a 1 watt argon-ion laser operating at about 4880 
angstroms, exhibited a measured gain of about 92 with 
a Raman line at 5506 angstroms compared to the 
Raman signal with only one beam which may be 
roughly equivalent to the scattered light from a 92 watt 
laser with one beam. . 

As noted above, the gains may be maximized with 
various small values of eccentricity of the concave re 
?ector 10, for example with an eccentricity of about 
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0.01. In practice however, such small eccentricities 
may be dif?cult to build and use as the planar re?ector 
16 may have a very small diameter (for example about 
0.75 millimeters) and the scattering region would be 
very close to the planar re?ector (within about 1.5 mil 
limeters). This may be partially circumvented by using 
two concave re?ectors having coincident focal points 
with an appropriate spherical re?ector position behind 
each of the concave re?ectors to redirect magni?ed es 
caping light back into the optical cavity. Even though 
the f-number of such an optical cavity would be quite 
large, in the neighborhood of about 250,'such may be 
operated with a laser light source. It is important that 
the surfaces of the reflectors, whatever arrangement is 
used, be kept at maximum cleanliness and at maximum 

, re?ectivity, preferably approaching 99.9 percent, to 
obtain and maintain high gains. I 
This same operation may be achieved using the em 

bodiment of FIG. 3 in which the planar mirror 16 is se 
lected also to have a diameter around which the 
trapped light beam may escape. The escaping light may 
be ‘.‘caught” and returned to the optical cavity by a 
spherical mirror 40 shown as an annular re?ector. dis 
posed symmetrically encompassing mirror 16 and hav 
ing a center of curvature at focal point 12, similar to 
annular spherical portion 32 in‘ FIG. 1. A light beam 42 
may be entered into the optical cavity 18 through a pas 
sageway 44 in spherical re?ector 40 in the same man 
ner as in FIG. 1 and provide similar enhanced light 
trapping. However, a portion of the image reversed and 
re?ected by the spherical re?ector 40 may be obscured 
during each cycle by the planar re?ector 16 positioned 
adjacent thereto, and thus be lost. 

In the embodiment of FIG. 4, the planar re?ector 46 
may be at a diameter sufficiently large to cause the 
magni?ed light to “escape” around the ellipsoidal re~ 
?ector 10 from magni?cation in the manner described 
above. With a spherical re?ector 48 (shown in annular 
con?guration) positioned behind ellipsoidal re?ector 
10 with a diameter exceeding re?ector 10 and with a 
center of curvature at far vocal point 14 (the curvature 
of re?ector 48 is shown exaggerated for purpose of il 
lustration and emphasis), an appropriate light beam 
trapped between the optical cavity formed by re?ectors 
10 and 46 may be caused to traverse the optical cavity 
four complete trapping cycles in the same manner as 
described above for FIG. 1. For example, the light 
beam 50 may be-directed through a passageway 52 in 
spherical re?ector 48 towards focal point 14 and planar 
re?ector 46. The light beam will betrapped in optical 
cavity 18 and after one cycle will attempt to escape 
around ellipsoidal re?ector 10 against spherical re?ec 
tor 48 and then be returned and inverted into optical 
cavity 18, etc. This arrangement may produce similar 
losses as the embodiment of FIG. 3 from partial “mask 
ing” of the inverted image which may be overcome by 
encompassing re?ector '10 with an annular spherical 
mirror similar to spherical re?ector 18 in FIG. 1. 
Light beams may also be trapped in the optical cavity 

54 of FIG. 5 in the same manner as described above uti 
lizing an ellipsoidal re?ector 56, a prism (not shown) 
or planar re?ector 58 positioned at the near focal point 
60 of re?ector 56 at some appropriate angle to the 
major axis thereof and a planar re?ector 62 and spheri 
cal re?ector portion 64 appropriately positioned in op 
tical alignment with re?ectors 56 and 58. In the em 
bodiment shown, re?ector 58 is at an angle of 45° with 

15 

20 

25 

30 

35 

45 

55 

60 

65 

8 
the major axis and re?ector 62 is parallel to the major 
axis of the ellipsoidal re?ector 56. Re?ector 62 is posi~ 
tioned a distance from focal point 60 equal to half of 
the separation distance between focal point 60 and far 
focal point 68. If it is desired, planar re?ector 58 may 
be made partially re?ective and any light passing there 
through appropriately detected by some suitable pho 
tosensitive detector 70 so as to utilize the intensity en 
hancement characteristics of optical cavity 54 to in 
crease the sensitivity of the photosensitive detector. 
Any appropriate light beam 66 may be injected into the 
optical cavity in a similar manner as described above, 
such as through opening 72 in re?ector portion 64. 
What is claimed is: _ 
1. A light trap for preventing escape of annular fringe 

light comprising a concave ellipsoidal light re?ector 
means for re?ecting light directed from its near focal 
point toward its far focal point, said focal points being 
aligned along a common axis; a second light re?ector 
means for re?ecting light directed toward said far focal 
point back toward said near focal point and said ,con- ' 
cave ellipsoidal light reflector means; means for'direct 
ing a beam of light through one of the focal points of 
said concave ellipsoidal light re?ector means toward 
one of said re?ector means for producing a beam of 
trapped light re?ected alternately from each of said re 
?ector means in optical paths which successively ap 
proach said common axis and pass through said near 
focus, and an annular concave spherical curvature re 
?ector means in addition to said concave ellipsoidal 
and said second re?ector means generally encompass 
ing one of said re?ector means with inner diameter'por 
tions no less than outer diameter of said encompassed 
re?ector means and facing the other re?ector means 
and having its center of curvature coincident with one 
of said focal points for re?ecting annular fringe light 
and other light coming from said one focal point and 
escaping around said encompassed re?ector means 
back toward said one focal point for trapping said es 
caping light between said concave ellipsoidal and sec 
ond re?ector means. ' Y 

2. The light trap of claim 1 including an optical aper 
ture through a portion of said spherical re?ector means 
radially outward of said encompassed re?ector means 
for conveyance of said light beam into said light trap 
through a focal point towards one of said other re?ec 
tor means and for egress of the light beam after trap 
ping thereof between said re?ector means. 

3. The light trap of claim 2 wherein said second re 
?ector means includes a planar light re?ector disposed 
perpendicular to said axis midway between said focal 
points and facing said concave ellipsoidal light re?ector 
means and said concave spherical re?ector means is 
disposed annularly about said planar re?ector with its 
center of curvature coincident with said near focal 
point, said re?ector and all of said re?ector means hav 
ing re?ectivities of greater than about 99 percent and 
said concave ellipsoidal re?ector means having an ec 
centricity of from about .01 to about .2. 

4. The light trap of claim 1 wherein said second re 
?ector means includes a ?rst planar re?ector disposed 
at an angle to said axis at said near focal point, and a 
planar re?ector disposed laterally of said axis at an 
angle to said first planar re?ector and aligned optically 
with said concave ellipsoidal light re?ector means 
through said ?rst planar re?ector. 

5. The light trap of claim 4 including means for de 
tecting light directed against said ?rst planar re?ector. 

* * * * * 


