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(57) ABSTRACT 

A modified concentric spectrograph for diffracting light with 
high Stray light rejection without astigmatism is provided. 
The modified spectrograph includes a grating, a lens, and at 
least one entrance port and one exit port. The grating has a 
concave surface and a meridian plane with a first side and a 
second side. The lens has a Substantially planar Surface and a 
convex surface. Preferably, the convex and concave surfaces 
are substantially concentric. The ports are substantially 
located on different sides of the meridian plane near a focal 
plane of the spectrograph. The position of a focal plane may 
be modified using an optically transmissive triangular prism 
with a reflective Surface, and an optically transmissive block. 
The position of a focal plane may further be modified with 
one or more optically transmissive plates. Methods for using 
the spectrograph are also provided. 

102 Claims, 7 Drawing Sheets 
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MODIFIED CONCENTRC SPECTROGRAPH 

Matter enclosed in heavy brackets appears in the 
original patent but forms no part of this reissue specifica 
tion; matter printed in italics indicates the additions 
made by reissue. 

CROSS REFERENCE TO RELATED 
APPLICATION 

This claims the benefit of U.S. provisional application No. 
60/039,207, filed Feb. 28, 1997. 

BACKGROUND OF THE INVENTION 

This invention relates to diffraction-grating spectrographs. 
More particularly, this invention relates to concentric diffrac 
tion-grating spectrographs with modified arrangements of 
their optical components. 
An optical spectrograph collects light at its entrance slit 

and forms an image of the entrance slit in the exit plane at the 
wavelengths present in the light Source. Diffraction-grating 
spectrographs use one or more diffraction gratings to diffract 
light into specific wavelengths and to select a predetermined 
portion of the wavelengths present in that light. 

Concentric spectrographs are particularly well Suited for 
applications requiring sharp spectral and spatial imaging. 
One type of concentric spectrograph includes an entrance 
port, an exit port, a hemispheric field lens, and a concave 
diffraction grating that has a set of substantially parallel grat 
ing lines, or grooves. A concave grating has a reflective grat 
ing Surface ruled on a concave surface, usually spherical, that 
disperses the light and focuses the spectrum. One advantage 
of Such a grating is that it can be used without separate 
collimating optics. A concave grating inherently has an opti 
cal axis, which is a line that passes symmetrically through the 
center of curvature of the grating Surface, and a meridian 
plane, which is a plane that contains the grating optical axis 
and that is substantially perpendicular to the grating lines. 
The entrance and exit ports of a conventional concentric 
spectrograph are positioned Substantially in the meridian 
plane of the grating. 
A conventional concentric spectrograph operates as fol 

lows. First, a light beam enters the spectrograph through the 
entrance port, which is Substantially in the meridian plane of 
the grating. After passing through the entrance port, the light 
beam passes through the hemisphericallens, which causes the 
beam to diverge and form an expanding light cone. The lon 
gitudinal axis of that expanding light cone lies in the meridian 
plane of the grating. Next, the light beam is reflectively dif 
fracted by the grating surface toward the lens in the form of a 
contracting light cone. The longitudinal axis of the contract 
ing light cone also lies in the meridian plane. Once the light is 
incident on the Surface of the lens, most of the light is trans 
mitted by the lens and focused at the exit port for spectral 
analysis. 

There are a number of advantages to the concentric spec 
trograph configuration over other known configurations, such 
as the Czerny-Turner configuration. First, concentric spectro 
graphs form sharp images due to the inherent absence of 
Seidel aberrations. Second, concentric spectrographs can be 
designed with relatively large numerical apertures (e.g., 
numerical apertures greater than 0.7 are possible). Third, 
concentric spectrographs are anastigmatic, flat field devices 
in which linear dispersion is a function of groove density and 
wavelength. Fourth, concentric spectrographs provide equal 
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2 
magnification along and across the dispersion, which is 
important for convolution applications. Last, concentric spec 
trographs do not require the use of aspherical optical Surfaces, 
which are relatively expensive. 

Conventional concentric spectrographs, however, have a 
number of disadvantages. First, concentric spectrographs 
have difficulty preventing stray light from contaminating with 
the desired spectrum at the exit port of the spectrograph. Stray 
light may arise from a number of Sources. Of particular con 
cern is light which has been reflectively diffracted twice. 
Some of that light is directed toward the exit port, which 
appears as a faint undesirable spectrum that overlaps with the 
desired spectrum, a phenomenon called spectral overlap. 
When a detector is placed at the exit port of a conventional 

concentric spectrograph, the desired and undesired spectra 
are both recorded by the detector. Therefore, the intensity of 
the desired spectrum cannot be measured independently from 
the undesired spectrum. In order to prevent undesirable spec 
tra from polluting the desired spectrum, one or more filters 
may be placed along the optical path of the light beam, espe 
cially between the exit port of the spectrograph and the detec 
tor. Filtering, however, only works when the stray light has a 
different quality than the desired light, such as a different 
wavelength or polarization. When the wavelengths of the 
Stray and spectral light are the same, conventional wavelength 
filtering techniques will not work. In any case, filtering 
reduces the intensity of the desired spectrum, which reduces 
the throughput of the spectrograph. Therefore, it would be 
desirable to provide a high throughput concentric spec 
trograph, which also has high Stray light rejection without the 
use of filters. 

Another common disadvantage of conventional concentric 
spectrographs is their relatively large F-numbers. As used 
herein, the term “F-number” refers to the ratio of an equiva 
lent focal length of a lens to the diameter of its entrance pupil. 
When the F-number of a spectrograph is large, the Solid angle 
in which light can enter the spectrograph is relatively small, 
which limits the throughput of the spectrograph. Also, spec 
trometers having large F-numbers require relatively long 
focal lengths, which make the instrument large. 

It would therefore also be desirable to provide a concentric 
spectrograph that is compact, relatively inexpensive to manu 
facture, and relatively immune to miscalibration. 

It would also be desirable to provide an inexpensive con 
centric spectrograph that provides an anastigmatic image at 
the exit port with reduced stray light. 

SUMMARY OF THE INVENTION 

It is an object of this invention to provide a modified con 
centric spectrograph for dispersing polychromatic light with 
increased stray light rejection at the exit port. 

It is also an object of this invention to provide a modified 
concentric spectrograph that can be used to simultaneously 
disperse light from one or more polychromatic light sources. 

It is another object of this invention to provide a modified 
concentric spectrograph which is compact, relatively inex 
pensive to manufacture, and relatively immune to miscalibra 
tion. 

It is yet a further object of this invention to provide a 
modified concentric spectrograph that has a small F-number. 

It is yet another object of this invention to provide an 
improved concentric spectrograph that can be constructed 
with conventional optical components. 

In accordance with this invention, a modified concentric 
spectrograph with reduced stray light is provided. The spec 
trograph includes a diffraction grating, a lens, an entrance 
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port, and an exit port. As described above, the grating is a 
concave type diffraction grating that (1) has a concave grating 
Surface and (2) defines an optical axis and a meridian plane 
that contains that axis. The meridian plane has a first side and 
a second side. The lens has a Substantially planar Surface, a 
convex surface, and an optical axis. The lens is positioned so 
that its convex surface faces the concave surface of the grating 
and its optical axis is Substantially coaxial with the optical 
axis of the grating. The entrance port is located Substantially 
on the first side of the meridian plane and the exit port is 
located Substantially on the second side of the meridian plane. 
Preferably, at least one of the ports faces the planar surface of 
the lens and is close to a focal plane, the location of which is 
determined by various factors, including the radii of curvature 
of the lens and grating. 
A method by which the modified spectrograph operates is 

also provided. In a first step, polychromatic light passes 
through the entrance port, which is located at a perpendicular 
distance from the meridian plane. In a second step, the light is 
directed through the lens toward the grating Surface so that the 
light is incident on that Surface. In a third step, the light is 
reflectively diffracted by the grating surface, thereby dispers 
ing the light. In a fourth step, the dispersed light is imaged 
with the lens at an exit port located substantially out of the 
meridian plane. 
A modified concentric spectrograph that includes multiple 

entrance and exit ports and a method of its use are also 
provided. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The above and other objects and advantages of the inven 
tion will be apparent upon consideration of the following 
detailed description, taken in conjunction with accompany 
ing drawings, in which like reference characters refer to like 
parts throughout, and in which: 

FIG. 1 is a top plan view (X-Z plane) of a conventional 
concentric spectrograph showing a negative order of dif 
fracted light; 

FIG. 2 is another top plan view (X-Z plane) of the conven 
tional concentric spectrograph of FIG. 1 showing a positive 
order of diffracted light; 

FIG. 3 is a side view (Y-Z plane) of the conventional 
concentric spectrograph of FIGS. 1 and 2, taken from line 3-3 
of FIG. 2: 

FIG. 4 is an axial view (X-Y plane) of the conventional 
concentric spectrograph of FIG. 1 taken from line 4-4 of FIG. 
3: 

FIG.5 is a top plan view (X-Z plane) of a preferred embodi 
ment of this invention; 

FIG. 6 is a side view (Y-Z plane) of the preferred embodi 
ment of this invention shown in FIG. 5; 

FIG. 7 is an axial view (X-Y plane) of the modified con 
centric spectrograph of FIG. 6, taken from line 7-7 of FIG. 6; 

FIG. 8 is a top plan view (X-Y plane) of the conventional 
concentric spectrograph of FIGS. 1-4 showing the optical 
paths of various orders of diffracted light; 

FIG. 9 is a top plan view (X-Y plane) of the modified 
concentric spectrograph of FIGS. 4-7 of the optical paths of 
various orders of diffracted light; 

FIG. 10 is a top plan view (X-Z plane) of a preferred 
embodiment of a modified concentric spectrograph according 
to the present invention with an entrance port positioned at 
one end of the spectrograph; 
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FIG. 11 is a top plan view (X-Z plane) of another preferred 

embodiment of a modified concentric spectrograph according 
to the present invention with the entrance port positioned on 
the side of the spectrograph; 

FIG. 12 is an axial view (X-Y plane) of an embodiment of 
a modified concentric spectrograph according to the present 
invention with two entrance ports and two exit ports; and 

FIG. 13 is an axial view (X-Y plane) of another embodi 
ment of a modified concentric spectrograph according to the 
present invention with two entrance ports and two exit ports. 

DETAILED DESCRIPTION OF THE INVENTION 

According to the present invention, a method and apparatus 
for diffracting polychromatic light using a modified concen 
tric spectrograph are provided. By means of this invention, 
polychromatic light is diffracted and imaged at an exit port 
with high resolution and increased stray light rejection. 

Conventional concentric spectrographs include an 
entrance port, an exit port, a hemispherical lens, and a con 
cave diffraction grating, which has a meridian plane. In 
operation, a beam of light enters the spectrograph through the 
entrance port and propagates Substantially in and along the 
meridian plane until the diffracted light exits the spectrograph 
at the exit port. Therefore, the entrance and exit ports are 
positioned substantially in the meridian plane. 

This arrangement, however, has the important disadvan 
tage of contaminating the desired spectrum at the exit port 
with stray light due to internal reflections of other spectra. For 
example, conventional concentric spectrographs are designed 
to forman image of the entrance port in the exit plane, usually 
with either negative or positive first order light because these 
orders maximize throughput and minimize astigmatic aber 
rations of the image. However, in addition to the image 
formed by the desired order, one or more images may be 
formed near or in the exit plane by undesirable orders. For 
example, in a conventional concentric spectrograph that 
desirably forms an image of the entrance port in the exit plane 
using negative first order light, an image is also formed by 
negative second order light because a portion of that negative 
second order light is diffracted twice by the gating due to 
internal reflection and focused by the lens at the same place as 
the first order light—thereby mixing those orders at the exit 
port. 

In accordance with the present invention, a modified con 
centric spectrograph is provided that reduces the amount of 
spectral overlap at the exit port, yet substantially preserves the 
high image quality there. Although the gratings and lenses of 
this invention may be arranged a similar way to a conven 
tional concentric spectrograph, the entrance and exit ports are 
arranged differently. The entrance and exit ports of a conven 
tional concentric spectrograph are Substantially centered in 
the meridian plane of the grating. However, the entrance and 
exit ports of a modified conventional concentric spectrograph 
are located Substantially out of the meridian plane. An advan 
tage of this modified arrangement is that negative second 
order light that is reflectively diffracted twice is not directed 
toward the lens and focused at the exit port. 

In accordance with the principles of the present invention, 
Substantially no negative second order light is reimaged at the 
exit port overlapping the order of interest for the following 
reason. After diffraction by the grating once, a first portion of 
the negative second order light passes through the lens and is 
focused away from the exit port. Therefore, this first portion 
of the negative second order does not mix with the negative 
first order at the exit port. However, a second portion of the 
negative second order light is reflected by the surface of the 
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lens back toward the grating and reflectively diffracted for a 
second time. In conventional concentric spectrographs, the 
second portion of the negative second order light, as well as 
the negative first order light, is focused at the exit port. How 
ever, according to the present invention, this second portion of 5 
negative second order light is not reflected back toward the 
exit port; the modified arrangement directs this second por 
tion away from the exit port. Thus, mixing between negative 
first and negative second orders is substantially eliminated at 
the exit port of a spectrograph constructed in accordance with 
this invention. 

The present invention may further include a housing for 
mounting any of the grating, lens, and ports. When the hous 
ing is made from an optically opaque material, it reduces 
undesirable Stray light from contaminating the desired spec 
trum by preventing stray light from entering the housing. 

The primary entrance and exit ports of a modified spec 
trograph constructed in accordance with the present invention 
are substantially out, and on different sides, of the meridian 
plane of the grating. However, the ports are operational in 
many positions on those sides. For example, in one embodi 
ment of the present invention, the entrance and exit ports are 
positioned at an optical length from the planar Surface of the 
lens, preferably near the primary focal plane of the spec 
trograph. The position of the primary focal planes is deter 
mined by the curvature of the lens and the grating, their 
relative positions, and the refractive index of the material 
between the lens and the exit port (e.g., glass, air, etc.). For 
example, when the curvature of the lens and grating increases, 
the opticallength increases. Also, the opticallength increases 
when the refractive index of the medium between the lens and 
the exit port increases. 

In addition, the entrance and exit ports may be positioned 
near secondary, or modified, focal planes. These modified 
planes are different and preferably remote from the primary 
focal plane position. This provides more space at the ports for 
mounting additional optical instrumentation, Such as optical 
detectors and cryostats. 
One way in which a port may be moved to a modified focal 

plane is by the addition of a reflective surface between the 
primary port and the lens. A reflective surface may be added 
by adding an optical prism with a reflective surface. Prefer 
ably, the reflective surface is disposed on the hypotenuse of a 
right triangular block. In this way, the light propagates in the 
prism and reflects internally from that reflective surface. 
The addition of the prism, however, changes the optical 

path length at that port. In order to preserve the optical path 
length at that port, the thickness of the lens at that port is 
preferably reduced. Also, the optical path lengths at both 
ports are preferably substantially similar. Therefore, when a 
prism is placed at one port, a second prism, an optical block, 
or a combination of both, is preferably placed at the other 
port. In fact, any number of optically transmissive bodies may 
be placed at each port, as long as the optical path lengths at 
both ports are within the design constraints of the spec 
trograph. The optically transmissive material used to form 
each optical body (e.g., prism or block) may be the same or 
different. Optically transmissive materials that have a large 
index of refraction can be used to elongate the effective focal 
length of the lens. 

Also, one or more optically transmissive plates that have a 
large index of refraction may be used, in addition to optical 
blocks and prisms, to further adjust the effective focal length 
of the lens. Of course, modified focal planes may be oriented 
in any direction and fall on either side of the meridian plane 
using conventional optical techniques. 
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A method for using a spectrograph built in accordance with 

the principles of the present invention is also provided. In a 
first step, polychromatic light passes through an entrance port 
located on one side of the meridian plane of a concave dif 
fraction grating. In a second step, a lens is used to direct the 
light toward a concave grating Surface of the grating so that 
the light is incident on the grating Surface at least in the 
meridian plane. In a third step, the light is diffracted by the 
diffraction grating. In a fourth step, the diffracted light is 
imaged with the same lens at an exit port which is located on 
the other side of the meridian plane. 

Also according to the principles of this invention, a modi 
fied concentric spectrograph having multiple pairs of 
entrance and exit ports is provided. Such a spectrograph has at 
least two pairs of entrance and exit ports. The optical compo 
nents that make up the multiple pair embodiment are essen 
tially the same as the previously described single pair 
embodiment, except that the multiple pair embodiment has an 
extra pair of entrance and exit ports. The secondary ports, like 
the primary ports, are preferably located near a focal plane of 
the spectrograph, but should not substantially overlap with 
the primary ports. Of course, this spectrograph may include a 
housing for mounting some or all of the optical components 
and for preventing stray light from interfering with the spectra 
at the exit ports. 
A method for diffracting two beams of light using a multi 

port spectrograph is also provided. The beams may be dif 
fracted simultaneously or alternatively. As already described 
above, the spectrograph for use with this method includes a 
grating, a lens, a primary entrance port, a primary exit port, a 
secondary entrance port, and a secondary exit port. In accor 
dance with the principles of this invention, the primary ports 
are located on opposite sides of the meridian plane and the 
secondary ports are located on opposite sides of the meridian 
plane. 

In a first step, a first polychromatic light beam is diffracted. 
The first beam is diffracted by (1) providing the first beam at 
the primary entrance port, (2) directing the first beam with the 
lens toward the grating so that the first beam is incident on the 
grating in the meridian plane, (3) reflectively diffracting the 
first beam with the grating to form a first diffracted beam, and 
(4) imaging the first diffracted beam with the lens at the 
primary exit port. 

And, in a second step, a second polychromatic light beam 
is diffracted. The second light beam is diffracted by (1) pro 
viding the second beam at the secondary entrance port, (2) 
directing the second beam with the lens toward the grating so 
that the second beam is incident on the grating, (3) reflectively 
diffracting the second beam with the grating to form a second 
diffracted beam, and (4) imaging the second diffracted beam 
with the lens at the secondary exit port. 
A preferred embodiment of a modified concentric spec 

trograph according to the present invention, with several 
variations, is shown in FIGS. 5-12 and compared with a 
conventional concentric spectrograph, shown in FIGS. 1-4. 
As shown in FIGS. 1 and 2, conventional concentric spec 

trograph 100 includes entrance port 105, exit ports 110 and 
111, hemispherical lens 115, and concave diffraction grating 
120. In operation, light, in the form of a beam having a central 
axis, enters spectrograph 100 through entrance port 105 and 
propagates along an optical path, such that the central axis of 
the beam propagates in meridian plane (i.e., the X-Z plane), 
until the light exits spectrograph 100 at exit port 110. Lens 
115 increases the diameter of the beam so that it substantially 
fills grating surface 121. After the light is reflectively dif 
fracted by grating surface 121, lens 115 gathers the diffracted 
light and images it at an exit port, Such as port 111. 
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As best shown in FIG. 4, entrance port 105 and exit ports 
110 and 111 are substantially located in meridian plane 125 of 
conventional concentric spectrograph 100. This arrangement 
was believed to maximize throughput and preserve the qual 
ity of the image of the diffracted light at exit ports 110 and 
111. However, this arrangement, as described more fully 
below, has the important disadvantage of contaminating 
desirable diffracted light with stray light at exit port 110. 
Also, exit ports 110 and 111 are positioned in the meridian 
plane to receive positive and negative first order diffracted 
light, respectively. For reasons that will also be more fully 
described below, the following description concentrates on 
the use of negative first order light. 
As shown best in FIG. 1, polychromatic light propagates in 

conventional concentric spectrograph 100 along optical path 
legs 150-155. The optical path begins with leg 150, which 
begins at entrance port 105 and extends to planar surface 116 
of lens 115. As already described above, entrance port 105 is 
positioned substantially in meridian plane 125. Next, light 
propagates in lens 115 along leg 151, which extends from 
planar surface 116 to convex surface 117. Next, light propa 
gates along leg 152, which extends from spherical surface 117 
of lens 115 to concave surface 121 of diffraction grating 120. 
When the light is incident on grating Surface 121, light is 

only reflected when the grating equation knw Sino--sin? is 
satisfied, where C. is the angle of incidence, B is the angle of 
diffraction, k is the groove density of the grating, w is the 
wavelength of the incident light, and where n is the order of 
the diffracted light (see, e.g., FIG. 9). Zero order light con 
tains all wavelengths that entered entrance port 105, and 
represents the case when the diffraction grating acts like a 
mirror. Zero order light is imaged at point 101. Positive and 
negative order light includes light diffracted by grating 120 
that satisfies the grating equation for positive and negative 
integers, respectively. Positive first order light (i.e. n=1) is 
imaged at exit port 110 and negative first order light (i.e., 
n=-1) is imaged at exit port 111. Of course, the position of 
those ports depends on the particular spectral range of inter 
eSt. 

Conventional concentric spectrograph 100 is normally 
used with negative or positive first order light for at least two 
reasons. When the absolute value of the order is small, the 
intensity of that order is large and the angle of diffraction is 
Small. Large intensities are desirable because it provides 
more light for Subsequent detection. Small angles of diffrac 
tion are desirable because astigmatic aberrations are gener 
ally minimized. And, because negative first order light is 
diffracted closer to optical axis 103 than positive first order 
light for certain wavelengths, aberrations in the spectral 
image are minimized for those wavelengths. One spectral 
range of interest is from about 350 nm to about 800 nm. 
Therefore, according to one embodiment of this invention, 
negative first order light maximizes intensity and minimizes 
astigmatic aberrations for this spectral range. 

After diffraction by grating surface 121, negative first order 
light propagates along legs 153-155. First order light propa 
gates along leg 153, which extends from concave surface 121 
to convex surface 117. The majority of the first order light 
incident at convex surface 117 is transmitted through lens 
115, along leg 154, which extends from convex surface 117 to 
planar surface 116. Most first order light that reaches planar 
surface 116 of lens 115 passes through lens 115 toward exit 
port 111 along leg 155, which extends between planar surface 
116 and exit port 111. Exit port 111 is positioned near primary 
focal plane 102 of spectrograph 100, so that negative first 
order light is focused near port 111. 
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In addition to negative first order, a portion of negative 

second order light, for example, is focused at exit port 111 in 
a conventional spectrograph. Therefore, a conventional con 
centric spectrograph inadequately rejects this portion of stray 
light. This portion of stray light is focused at the exit port in 
conventional concentric spectrograph 100 for the following 
CaSO. 

FIG. 8 shows a ray diagram of a conventional concentric 
spectrograph, where each ray represents the longitudinal axis 
of a beam of light (e.g., a diffraction order). Light is reflec 
tively diffracted by grating 120 into several orders and many 
of these orders are reflected back toward lens 115. In particu 
lar, the negative second order propagates along leg 160 
toward lens 115. When that order is incident at convex surface 
117 of lens 115, a first portion of that order is transmitted 
through lens 115 and a second portion is reflected by lens 115. 
The first portion passes through lens 115 toward planar 

surface 116 along leg 161. At planar surface 116, that first 
portion propagates along leg 162 until the light is focused at 
point 112 in focal plane 102. For certain spectral ranges, point 
112 is physically separate from exit port 111 in focal plane 
102. Therefore, little mixing occurs between negative first 
order light that propagates along legs 153-155 and the first 
portion of negative second order light that propagates along 
legs 161 and 162. 

However, Substantial mixing occurs between negative first 
order light that propagates along legs 153-155 and the second 
portion of the negative second order light that propagates 
along legs 165 and 166 at exit port 111. The second portion is 
reflected back toward grating 121 along leg 165, which 
extends from convex surface 117 to point 122 on surface 121. 
As shown in FIG. 8, this second portion reflects from grating 
surface 121 for a second time toward lens 115 along leg 166. 
Then, the light passes through lens 115 along leg 154 and 
toward the focal plane 102 along leg 155, forming an image at 
exit port 111—the same place that negative first order light 
forms an image. Therefore, the second portion of negative 
second order light contaminates the negative first order light 
at exit port 111 because they both substantially propagate 
along leg 155 and form an image at the same exit port posi 
tion. 

Light reflected from the Surfaces of a light source and a 
detector may also form an image at the exit port of a conven 
tional concentric spectrograph. For example, as shown in 
FIG. 8, negative first order light originating from a light 
Source (not shown). Such as a luminescing sample surface, 
propagates along legs 150-155 to exit port 111, where a 
detector may be mounted for receiving diffracted light. How 
ever, the surface of the detector is not completely transmissive 
and reflects a portion of the light. If the detector surface is 
normal to the longitudinal axis of the light beam, the reflected 
portion will retrace its path along legs 150-155, but in a 
reverse order. When that light reaches the sample surface, it 
may be reflected for a second time and propagate back along 
legs 150-155 until it undesirably forms a second image at the 
exit port. Thus, light which has been reflected from the 
sample surface also contaminates the exit port in a conven 
tional concentric spectrograph. 

In accordance with the present invention, a modified con 
centric spectrograph is provided that Substantially eliminates 
contamination at the exit port, yet Substantially preserves the 
high image quality there. As best shown in FIGS. 5-7, and 10. 
modified concentric spectrograph 200 includes at least four 
optical elements: entrance port 205, exit port 211, lens 215, 
and concave diffraction grating 220. Optical elements 205, 
211, 215, and 220 of modified spectrograph 200 may be 
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identical to optical elements 105, 111, 115, and 120 of con 
ventional concentric spectrograph 100. 
The first element is concave diffraction grating 220, which 

preferably is of the reflective holographic type (such as those 
available from Instruments S.A., Inc., of Edison, N.J.) Grat 
ing 220 has concave grating Surface 221, optical axis 203, and 
meridian plane 225. Meridian plane 225 has two sides. As 
used herein, the term “side' is the volume that resides above 
or below meridian plane 225. In other words, one side of 
meridian plane 225 is the set of points having a positive Y 
coordinate and the other side is the set of points having a 
negative Y coordinate. Optical axis 203 of grating 220 passes 
symmetrically through the center of grating 220 and is normal 
to surface 221 of grating 220 at point 222. As shown best in 
FIG. 7, meridian plane 225 includes grating optical axis 203 
and is Substantially perpendicular to axis 223 of grating lines 
224. 
The second optical element is lens 215, which preferably 

has a planar-convex shape, including planar Surface 216 and 
convex surface 217. Lens 215 also has optical axis 218 that 
passes symmetrically through its center. Although this inven 
tion is suitable for use with a lens having an aspherical Surface 
(i.e., when a complementary aspherical grating is used), a 
lens having a spherical Surface is preferred. 
The third and fourth optical elements are entrance port 205 

and exit port 211, which may be of the fixed or variable slit 
type (Such as those available from Instruments S.A., Inc., of 
Edison, N.J.). A comparison between conventional concen 
tric spectrograph 100 and modified spectrograph 200 reveals 
that gratings 120 and 220 and lenses 115 and 225 are arranged 
in similar fashions. However, entrance port 105 and exit port 
205 of conventional concentric spectrograph 100 are 
arranged differently from the way entrance port 205 and exit 
port 211 are arranged. In the case of conventional concentric 
spectrograph 100, entrance port 105 and exit port 111 are 
substantially located in meridian plane 125 (e.g., the X-Z 
plane in FIGS. 1-4). In the case of modified spectrograph 200, 
however, entrance port 205 and exit port 211 are located 
substantially out and on different sides of meridian plane 225 
(e.g., the X-Z plane in FIGS. 5-7). 
As shown in FIG. 7, entrance port 205 is positioned at 

perpendicular distance 272 from meridian plane 225 (X-Z 
plane) in first direction 273. In other words, entrance port 205 
is substantially on one of the two sides of meridian plane 225. 
Preferably, exit port 275 is also substantially positioned at 
perpendicular distance 272 from meridian plane 225 in a 
direction opposite first direction 273, or the other side of 
plane 225. 
An advantage of the arrangement used in modified spec 

trograph 200 is that no substantial mixing occurs between 
negative first and second orders at the exit port. This advan 
tage is now explained with reference to FIGS. 8,9, and 12. 

First, the exit port should be placed in a position that 
receives an order of light that maximizes throughput and 
minimizes astigmatism. When the absolute value of the order 
is Small, the intensity of that order is large and the angle of 
diffraction is small. A large intensity is desirable because it 
provides more light for Subsequent detection. A Small angle 
of diffraction is desirable because astigmatic aberrations are 
minimized. Therefore, lower orders are more preferable than 
higher orders for detection purposes, and first order is most 
preferable. 

Furthermore, negative first order is more advantageous 
than positive first order because the negative first order is 
imaged even closer to the optical axis of the lens than positive 
first order, thereby further minimizing astigmatic aberrations 
in the image. The positions of spectra of different diffraction 
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orders are best shown in FIG. 12. First entrance port 405 
(which corresponds to entrance port 205 in FIG. 4) produces 
multiple diffraction order spectra along axis 435 (the Z axis) 
in a focal plane of the spectrograph (an X-Y plane). These 
spectra include negative first and second orders 406 and 407, 
positive first and second orders 408 and 409, and Zero order 
410. Entrance port 405 and its corresponding Zero diffraction 
order 410 are symmetrically positioned on opposite sides of 
optical axis 403 in the primary focal plane. An important 
feature of the spectra shown in FIG. 12 is that negative first 
order spectrum 406 is imaged substantially closer to optical 
axis 403 than positive first order spectrum 408. Therefore, 
negative first order spectrum 406 will be more anastigmatic 
than positive first order spectrum 408. For this reason, modi 
fied concentric spectrograph 200 preferably has an exit port 
positioned near a focal plane of the spectrograph, such as 
planar surface 202, to receive negative first order light. How 
ever, an exit port could be positioned to receive any non-zero 
order of diffracted light in accordance with the principles of 
this invention. 

Second, as shown in FIG.9, polychromatic light preferably 
enters modified spectrograph 200 through entrance port 205 
along leg 250. As described above, entrance port 205 is 
located out of meridian plane 225. The light then passes 
through lens 215 along leg 251, which extends from planar 
surface 216 to convex surface 217. Optical, axis 218 of lens 
215 is preferably substantially coaxial with optical axis 203 
of grating 220. However, optical axis 218 may be parallel to 
and offset from optical axis 203, when such a position 
improves the image quality or further reduces stray light at 
exit port 211. Lens 215 is also preferably positioned so that its 
convex surface 217 is substantially concentric with concave 
surface 221 of grating 220. Then, lens 215 directs the light 
propagating along leg 251 toward concave surface 221 along 
leg 252, which extends from convex surface 217 to concave 
surface 221. When these optical components are positioned 
appropriately, that light at least partially fills concave Surface 
221. When the light is incident on grating surface 221, the 
light is diffracted by it, producing multiple orders of dif 
fracted light. 
As also shown in FIG. 9, negative first order light propa 

gates along legs 253-255 in modified spectrograph 200, 
analogous to legs 153-155 in conventional concentric spec 
trograph 100. After diffraction, negative first order light 
propagates along leg 253, which extends from concave Sur 
face 221 to convex surface 217 of lens 215. Most first order 
light is transmitted through lens 215 along leg 254, which 
extends from convex surface 217 to planar surface 216. After 
reaching Surface 216, most first order light passes out of lens 
215 toward exit port 211 along leg 255, which extends 
between planar surface 216 and exit port 211. Exit port 211 is 
preferably positioned near focal plane 202 to receive the first 
order light. 

In addition to negative first order light, negative second 
order light is reflectively diffracted toward lens 215 along leg 
260, which extends from concave surface 221 to convex sur 
face 217. A portion of the negative second order light that 
reaches convex surface 217 passes through lens 215 toward 
planar surface 216 along leg 261. At planar surface 216, the 
negative second order light propagates along leg 262 until the 
light is focused at region 212 near focal plane 202. Region 
212 is physically removed from exit port 211. Therefore, like 
in a conventional concentric spectrograph, negative first order 
light does not substantially mix with negative second order 
light which was reflectively diffracted once. 

However, unlike in a conventional concentric spec 
trograph, negative first order light does not substantially mix 
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with negative second order light that has been reflectively 
diffracted twice at the exit port for the following reason. 

In conventional concentric spectrograph 100 (e.g., shown 
in FIG. 8), as already described above, some negative second 
order light is diffracted twice by concave surface 117 at points 
122 and 123 and directed toward exit port 111. However, in 
modified spectrograph 200 (as shown in FIG. 9), negative 
second order light that is diffracted twice is not directed 
toward exit port 211. That is, in modified spectrograph 200, 
negative second order light that has been reflectively dif 
fracted twice by grating 220 propagates along leg 266, but 
that light is not imaged at the same exit port at which the 
desired spectra is imaged. In fact, the light which has been 
reflectively diffracted twice may not even reach convex sur 
face 217 for a second time. Rather, the light propagating along 
leg 266 is directed at a different position on surface 217 of 
lens 215, or at an internal Surface of the housing, for example, 
so that that light is not focused toward exit port 211. This 
result is certain when leg 252, which extends toward grating 
225, and legs 253 and 260, which extend from grating 225, are 
not parallel to or lie substantially in meridian plane 225. That 
light may then be absorbed by an absorbing Surface to ensure 
that it is not internally reflected within spectrograph 200 back 
toward exit port 211. 

Because this portion of negative second order light is not 
directed to the same place on convex surface 217 as negative 
second order light, that portion cannot be focused at exit port 
211. Therefore, in the case of modified spectrograph 200, 
negative first and second orders do not substantially mix at 
exit port 211. 
One embodiment of the present invention is shown in FIG. 

10. Grating 220 has a concave spherical grating surface 221 
that has a radius of curvature of about 250 mm and a diameter 
of about 130 mm. Lens 215 has a radius of curvature of about 
94 mm and has a diameter of about 110 mm. Distance 282 
between convex surface 217 and concave surface 221 is about 
155 mm. Such an embodiment is particularly well suited for 
dispersing wavelengths between about 350 nm and about 800 
nm and has an F-number of about 1.3. Of course, a person of 
ordinary skill in the art of optical spectroscopy could adjust 
these parameters for other spectral ranges. 

Although this invention makes filters less necessary, filters 
may be used with modified spectrograph 200 to further 
reduce stray light at exit port 211. One or more optical filters 
270 may be placed between lens 215 and ports 205 or 220 
(e.g., FIG. 9). One or more optical filters 271 may also be 
positioned between light source 277 and entrance port 205 
(e.g., FIG. 10) to prevent light from any secondary light 
sources that may otherwise enter entrance port 205. Further 
more, one or more optical filters 370 may also be placed 
between lens 315 and optical block 390 or prism 391 (e.g., 
FIG. 11). In accordance with this invention, filters may be 
used as long as the changes to the optical path lengths at both 
ports remain within the design constraints of the spec 
trograph. 

Entrance port 205 preferably has a symmetric shape and a 
Small size. The shape may be round, but could be square, 
polygonal, or any other shape useful for a particular spectro 
Scopic application, including an elongated rectangle (e.g., a 
slit). Exit port 211 preferably has an elongated shape, prefer 
ably rectangular, having a longitudinal axis that is parallel to 
meridian plane 225. The size and shape of entrance port 205 
and exit port 211 could also be variable, using any variable 
port device (such as the one available as Part No. 220ASLN 
from Instruments S.A., Inc., of Edison, N.J.). 
A spectrograph according to the present invention may 

further include a housing. As shown in FIG. 10, housing 280 
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encloses grating 220 and lens 215. Entrance port 205 and exit 
port 211 may also be mounted to housing 280. Housing 280 
reduces undesirable Stray light from contaminating the poly 
chromatic light inside housing 280 by preventing stray light 
from entering housing 280. Unfortunately, inner surface 281 
of housing 280 may undesirably reflect light toward exit port 
211, but this undesirable effect can be minimized by making 
Surface 281 absorptive, such as by making the Surface dark. 
Another way that surface 281 may be made absorptive is by 
providing the Surface with a grooved, or buttress threaded 
texture. 

In accordance with this invention, the entrance and exit 
ports may be placed in a variety of positions on their respec 
tive sides of the meridian plane. For example, FIG. 10 shows 
an embodiment of this invention in which primary focal plane 
202 is located optical length 203 from planar surface 216 of 
lens 215. In this embodiment, entrance port 205 and exit port 
211 are both located near primary focal plane 202. 

However, either port may be positioned in or near a modi 
fied focal plane. For example, FIG. 11 shows exit port 311 
near focal plane 302 and entrance port 305 near modified 
focal plane 372. Entrance port 305 is now more physically 
remote from exit port 311, which provides more space at ports 
305 and 311 for mounting additional optical instrumentation, 
Such as large optical detectors, cryostats, etc. 
One way in which the entrance port may be added or moved 

to a modified focal plane is by the addition of reflective 
surface 350 between the primary focal plane 302 and lens 
315, which is usually between the primary entrance port and 
the lens. Reflective surface 350 could be fixed in the spec 
trograph or removable, which allows a user to select a primary 
or secondary port. However, it should be understood by a 
person of ordinary skill in the art that the addition of reflective 
surface 350 does not require the presence of primary port. 
Reflective surface 350 may be provided in a number of ways. 
One such way is by the addition of optical block 390 and 
optical prism 391. 

Optical prism 391 is preferably formed from optically 
transmissive material. Such as glass, and has reflective Surface 
350 disposed on a planar surface thereof. Optical prism 391 
preferably has the shape of a right triangle, so that the value of 
angles 398 and 399 are about 45 degrees. Optical block 390 is 
also preferably formed from an optically transmissive mate 
rial, possibly from the same material which optical prism 391 
and lens 315 is formed. When optical prism 391 and optical 
block 390 are made from the same material, optical length 
392 and the sum of optical lengths 395 and 396 are substan 
tially the same when the physicallengths are Substantially the 
same. The index of refraction of the optically transmissive 
materials will in part determine the effective focal length of 
the lens and spectrograph. When the index of refraction is 
relatively large, the effective focal lengths at the entrance and 
exit ports of the spectrograph are extended. Optical length 
392 corresponds to the distance between exit port 311 and 
planar surface 316. The sum of optical lengths 395 and 396 
corresponds to the distance between entrance port 305 and 
planar surface 316. When optical length 392 and sum of 
optical lengths 395 and 396 are substantially the same, modi 
fied spectrograph 300 can provide high quality images at high 
resolution with excellent stray light rejection at exit port 311. 
Of course, in accordance with this invention, entrance port 
205 and exit port 211 can be positioned on the same side of 
meridian plane 225 using one or more reflective Surfaces. 

In accordance with another aspect of the present invention, 
one or more optically transmissive plates that have a large 
index of refraction may be placed in the optical path of the 
spectrograph, in addition to the optical block and the optical 
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prism, to further adjust the effective focal length of the lens. 
For example, in the embodiment shown in FIG. 10, optically 
transmissive plates 233 may be placed between ports 205 or 
211 and lens 215. Also, in the embodiment shown in FIG. 11, 
optically transmissive plates 333 may be placed between: (1) 
optical prism 391 and lens 315 or entrance port 305, as well as 
between (2) optical block 390 and lens 315 or exit port 311. 
One optically transmissive material that has a large index of 
refraction is sapphire. 

Further according to the principles of this invention, a 
modified concentric spectrograph having at least two 
entrance ports and two exit ports is also provided. FIGS. 12 
and 13 show optical axial views (along the Z axis) of spec 
trographs 400 and 500, each of which have two pairs of 
entrance and exit ports. As explained more fully below, both 
pairs of ports on each instrument are similar to the single pair 
of ports shown in spectrograph 200 of FIG. 7. 

For example, modified concentric spectrograph 400, 
shown in FIG. 12, includes grating 420, lens 415, primary 
entrance port 405, primary exit port 411, secondary entrance 
port 475, and secondary exit port 481. Grating 420 has an 
intrinsic optical axis 403, meridian plane 425, and real con 
cave surface 421. Preferably, grating surface 421 is spheri 
cally shaped. Grating 420 has grating lines 430, which are 
oriented in a direction Substantially perpendicular to meridian 
plane 425. Lens 415 is the same as lens 215, and therefore has 
a Substantially planar Surface, a convex surface, and optical 
axis 403. The convex surface of lens 415 faces the concave 
Surface of grating 420. The optical axes of grating 420 and 
lens 415 are substantially coaxial, and the primary focal plane 
of spectrograph 400 is formed perpendicular to optical axis 
403 and faces the planar surface of lens 415. In other words, 
spectrograph 400 is substantially similar to spectrograph 200, 
except that spectrograph 400 also has secondary entrance and 
exit ports 411 and 481, respectively. 
As in spectrograph 200, each pair of ports lies substantially 

on different sides of the meridian plane. As explained more 
fully above, this modified arrangement requires that a major 
ity of the cross-sectional area of an entrance port lie on a 
different side of the meridian plane from its complementary 
exit port. In one embodiment, the entire cross-sectional area 
of each of port lies entirely on different sides of the meridian 
plane. For example, as shown in FIG. 12, entrance and exit 
ports 405 and 411 are on different sides of meridian plane 
425. Also, entrance and exit ports 475 and 481 are on different 
sides of meridian plane 425. 
When a spectrograph has two or more pairs of ports, the 

entrance port of one pair may be on different sides or the same 
side as an exit port of another pair. For example, one embodi 
ment of modified concentric spectrograph 400 is shown in 
FIG. 12. Spectrograph 400 has two entrance ports 405 and 
475 on one side of meridian plane 425 and corresponding exit 
ports 411 and 481 on the other side of meridian plane 425. 
Another embodiment of modified concentric spectrograph 
500 is shown in FIG. 13. Spectrograph 500 has one entrance 
port and one exit port on each side of meridian plane 525. 
Both of these embodiments are described below. 

Spectrograph 400 is generally constructed in a fashion 
similar to spectrograph 200 so that exit ports 411 and 481 are 
positioned to receive an image of entrance ports 405 and 475 
using first order light, although other orders may be used. In 
order to minimize astigmatism, the preferred order is the 
order imaged closest to the optical axis of the lens. Negative 
first order spectra 406 and 476 is shown imaged in exit ports 
411 and 481, respectively. In addition to negative first order 
spectra 406 and 476, positive first order spectra 408 and 478, 
positive second order spectra 409 and 479, and negative sec 
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ond order spectra 407 and 477, which correspond to entrance 
ports 405 and 475, respectively, are shown in FIG. 12. Zero 
order images 410 and 480 of entrance ports 405 and 475, 
respectively, are also shown. One advantage of spectrograph 
400 is that a single detector may be used to monitor the 
spectra of two different inputs. Such as a sample and a refer 
ence. The use of a single detector can be especially useful for 
normalization and other calibration procedures. 
As shown in FIG. 13, spectrograph. 500 is constructed in a 

fashion similar to spectrographs 200 and 400 so that exit ports 
511 and 581 are positioned to receive an image of entrance 
ports 505 and 575, respectively. The main difference between 
spectrograph 400 and spectrograph 500 is that entrance ports 
505 and 575 of spectrograph. 500 are on different sides of 
meridian plane 525. An advantage of spectrograph. 500 over 
spectrograph 400 is that exit ports 511 and 581 are a larger 
distance from one another, thereby providing additional 
space for mounting detection equipment and allows for the 
use of two separate detectors. As shown in FIG. 13, negative 
first order spectra 506 and 576 are focused at exit ports 511 
and 581, respectively. Zero order images 510 and 580 of 
entrance ports 505 and 575, respectively, are also shown in 
FIG. 13. Also, in accordance with this invention, the number 
of pairs of ports can be substantially greater than two and is 
only limited by the width of each spectra. 

Like spectrograph 200, spectrograph 400 may include a 
housing (not shown) in which grating 400 and lens 415 are 
placed and wherein at least one of ports 405, 475, 411, and 
481 is mounted. And, the ports are preferably located near a 
focal plane of the spectrograph. As with concentric spectro 
graphs generally, the convex surface of lens 415 and the 
concave Surface of grating 420 are preferably Substantially 
concentric. 
A method for using a spectrograph built in accordance with 

the principles of the present invention is also provided. In a 
first step, polychromatic light passes through an entrance port 
located at a perpendicular distance from the meridian plane of 
a concave diffraction grating. In a second step, the light is 
directed using a lens toward a concave grating Surface of the 
grating so that the light is incident on the grating Surface at 
least in the meridian plane. In a third step, the light is dif 
fracted by the diffraction grating. In a fourth step, the dif 
fracted light is imaged with the same lens at the an exit port 
which is also located out of the meridian plane. 
A method for diffracting two beams of light using a multi 

port spectrograph, Such as the one shown in FIG. 12, is also 
provided. The beams may be diffracted simultaneously or 
alternatively. As already described above, the spectrograph 
includes a grating, a lens, a primary entrance port, a primary 
exit port, a secondary entrance port, and a secondary exit port. 

In a first step, a first polychromatic light beam is diffracted. 
The first polychromatic light beam is diffracted by (1) pro 
viding said first polychromatic beam at the primary entrance 
port, (2) directing the first polychromatic beam with the lens 
toward the grating so that the first polychromatic beam is 
incident on the grating in the meridian plane, (3) reflecting the 
first polychromatic beam with the grating to form a first 
diffracted beam; and imaging the first diffracted beam with 
the lens at the primary exit port. 

And, in a second step, during or alternating with the first 
step, a second polychromatic light beam is diffracted. The 
second light beam is diffracted by (1) providing the second 
beam at the secondary entrance port, (2) directing the second 
beam with the lens toward the grating so that the second beam 
is incident on the grating, (3) reflecting the second beam with 
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the grating to form a second diffracted beam, and (4) imaging 
the second diffracted beam with the lens at the secondary exit 
port. 

Thus, a modified concentric spectrograph with improved 
stray light rejection is provided. One skilled in the art will 
appreciate that the present invention can be practiced by other 
than the described embodiments, which are presented for 
purposes of illustration and not of limitation, and the present 
invention is limited only by the claims which follow. 

What is claimed is: 
1. A modified concentric spectrograph comprising: 
a grating having an optical axis, a meridian plane, and a 

concave Surface, said meridian plane having a first side 
and a second side; 

a lens having a Substantially planar Surface, a convex Sur 
face, and an optical axis, wherein said convex surface is 
facing said concave Surface, said optical axes being Sub 
stantially coaxial; 

a primary entrance port being located Substantially out of 
said meridian plane toward said first side; and 

a primary exit port being located Substantially out of said 
meridian plane toward said second side for receiving an 
order of light that maximizes throughput and minimizes 
astigmatism. 

2. The spectrograph of claim 1 wherein at least one of said 
primary ports is near said planar Surface of said lens. 

3. The spectrograph of claim 1 wherein said primary 
entrance port has a cross-sectional area, and wherein a major 
ity of said cross-sectional area is on said first side of said 
meridian plane. 

4. The spectrograph of claim 1 wherein said primary 
entrance port has a center, and wherein said center is on said 
first side of said meridian plane. 

5. The spectrograph of claim 3 wherein said primary exit 
port has a cross-sectional area, and wherein a majority of said 
cross-sectional area is on said second side of said meridian 
plane. 

6. The spectrograph of claim 1 wherein said primary exit 
port has a center, and wherein said center is on said second 
side of said meridian plane. 

7. The spectrograph of claim 1 wherein said primary 
entrance port and said primary exit port are located at Sub 
stantially the same perpendicular distance from said meridian 
plane. 

8. The spectrograph of claim 1 wherein: 
said entrance port is for receiving polychromatic light from 

a source, said spectrograph further comprising: 
a housing for preventing stray light from contaminating 

said polychromatic light in said housing. 
9. The spectrograph of claim 1 further comprising at least 

one optical filter positioned near one of said ports. 
10. The spectrograph of claim 1 further comprising at least 

one optical filter positioned between one of said ports and said 
planar Surface of said lens. 

11. The spectrograph of claim 1 further comprising: 
a secondary entrance port; and 
a reflective surface between said primary entrance port and 

said lens. 
12. The spectrograph of claim 11 wherein said reflective 

Surface is planar and has an axis normal to said reflective 
Surface, said axis forming an angle with said grating optical 
axis, said angle being about 45°. 

13. The spectrograph of claim 1 further comprising: 
a secondary exit port; and 
a reflective surface between said primary exit port and said 

lens. 
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14. The spectrograph of claim 13 wherein said reflective 

Surface is planar and has an axis normal to said reflective 
Surface, said axis forming an angle with said grating optical 
axis, said angle being about 45°. 

15. A modified concentric spectrograph comprising: 
a grating having an optical axis, a meridian plane, and a 

concave surface; 
a lens having a Substantially planar Surface, a convex Sur 

face, and an optical axis, wherein said convex surface is 
facing said concave surface, said lens optical axis is 
Substantially coaxial with said grating optical axis, and a 
primary focal plane is formed perpendicular to said opti 
cal axis facing said planar Surface of said lens; 

a primary entrance port near said primary focal plane at an 
intersection between a first axis and a second axis, 
wherein said first axis is parallel to, and offset in a first 
direction from, said meridian plane and said second axis 
is perpendicular to said meridian plane and offset from 
said optical axis; and 

a primary exit port near said primary focal plane located at 
a second perpendicular distance from said meridian 
plane, in a second direction opposite said first direction 
for receiving an orderoflight that maximizes throughput 
and minimizes astigmatism. 

16. The spectrograph of claim 15 wherein said entrance 
port is for receiving light and wherein said grating diffracts 
said light into at least one non-zero diffraction order, said exit 
port being positioned along said first axis to receive a portion 
of said non-zero diffraction order. 

17. The spectrograph of claim 16 wherein said non-zero 
order is an order which is imaged most closely to said optical 
axis. 

18. The spectrograph of claim 16 wherein said non-zero 
order is a negative first order. 

19. The spectrograph of claim 15 wherein said exit port is 
elongated along said first axis. 

20. The spectrograph of claim 15 further comprising at 
least one optical filter positioned between one of said ports 
and said lens. 

21. The spectrograph of claim 15 wherein said entrance 
port is for receiving light from a primary light source, said 
spectrograph further comprising at least one optical filter 
between said light source and said entrance port. 

22. The spectrograph of claim 15 wherein said entrance 
port is for receiving light from a primary light source, said 
spectrograph further comprising a housing for preventing 
light coming from a secondary light Source external to said 
housing from contaminating said light from said primary 
Source in said housing. 

23. The spectrograph of claim 22 wherein at least one of 
said ports is mounted to said housing. 

24. The spectrograph of claim 15 further comprising: 
a secondary entrance port; and 
a reflective surface between said primary entrance port and 

said lens, wherein said reflective surface forms a modi 
fied focal plane in which said secondary entrance port is 
located. 

25. The spectrograph of claim 15 further comprising a first 
body comprising an optically transmissive material, said 
transmissive material having an index of refraction, said first 
body having at least three planar Surfaces, wherein any pair of 
said first body planar Surfaces intersect to form a respective 
line of intersection, each respective line of intersection being 
substantially parallel to the other lines, a first of said first body 
planar Surfaces being at least partially located between said 
primary entrance port and said lens and having a reflective 
Surface disposed on said first plane forming a modified focal 
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plane, a second of said first body planar Surfaces facing said 
planar Surface of said lens, and a third of said first body planar 
Surfaces facing said modified focal plane. 

26. The spectrograph of claim 25 further comprising a 
second body comprising said optically transmissive material, 5 
said second body having at least two Substantially parallel 
planar Surfaces, a first of said second body parallel planar 
Surfaces facing said primary exit port, a second of said second 
body parallel planar Surfaces facing said lens. 

27. The spectrograph of claim 25 wherein an angle 
between said optical axis of said grating and an axis normal to 
said first of said first body planar surfaces is about 45°. 

28. The spectrograph of claim 27 wherein said second 
surface of said first body is fixedly attached to said planar 
Surface of said lens. 

29. The spectrograph of claim 25 further comprising at 
least one optical filter positioned between said lens and said 
first body. 

30. The spectrograph of claim 26 further comprising at 20 
least one optical filter positioned between said lens and said 
second body. 

31. The spectrograph of claim 26 wherein said second 
Surface of said second body is fixedly attached to said planar 
Surface of said lens. 25 

32. The spectrograph of claim 31 further comprising an 
adhesive having an index of refraction that is substantially the 
same as the index of refraction of said second body for fixedly 
attaching said second body to said lens. 

33. The spectrograph of claim 26 wherein said second 
surface of said second body and said lens are integral. 

34. The spectrograph of claim 25 further comprising a 
secondary exit port and a reflective surface between said 
primary exit port and said lens, wherein said reflective Surface 
forms a modified focal plane. 

35. The spectrograph of claim 15 further comprising a first 
body comprising an optically transmissive material, said opti 
cally transmissive material having an index of refraction, said 
first body having at least three planar Surfaces, wherein any 40 
pair of said first body planar Surfaces intersect to form a 
respective line of intersection, each respective line of inter 
section being substantially parallel to the other lines, a first of 
said planes being located between said primary exit port and 
said lens and having a reflective surface disposed on said first 45 
plane, thereby forming a modified focal plane, a second of 
said first body planar Surfaces facing said lens planar Surface, 
and a third of said first body planar Surfaces facing said 
modified focal plane. 

36. The spectrograph of claim 35 further comprising a 50 
second body comprising said optically transmissive material, 
said second body having at least two Substantially parallel 
planar Surfaces, a first of said second body parallel planar 
Surfaces facing said primary entrance port, a second of said 
second body parallel planar Surfaces facing said lens. 55 

37. The spectrograph of claim 35 wherein an angle 
between said optical axis of said grating and an axis normal to 
said first of said reflective surface is about 45°. 

38. The spectrograph of claim 35 wherein said second 
surface of said first body is fixedly attached to said planar 60 
Surface of said lens. 

39. The spectrograph of claim 35 further comprising at 
least one optical filter positioned between said lens and said 
first body. 

40. The spectrograph of claim 36 further comprising at 65 
least one optical filter positioned between said lens and said 
second body. 
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41. The spectrograph of claim 36 wherein said second face 

of said second body is fixedly attached to said planar Surface 
of said lens. 

42. The spectrograph of claim 41 further comprising an 
adhesive having an index of refraction that is substantially the 
same as the index of refraction of said second body for fixedly 
attaching said second body to said lens. 

43. The spectrograph of claim 35 wherein said second body 
and said lens are integral. 

44. The spectrograph of claim 15 wherein at least one of 
said ports is substantially in one of said focal planes. 

45. The spectrograph of claim 15 wherein said convex 
Surface has a center of curvature and said concave Surface has 
a center of curvature, and wherein said centers of curvature 
are substantially concentric. 

46. A modified concentric spectrograph with reduced stray 
light, said spectrograph comprising: 

a concave grating for dispersing light having an optical 
axis, a meridian plane, and a concave Surface; 

a lens having an optical axis, a planar Surface, and a convex 
Surface, wherein said optical axes are substantially 
coaxial, said convex surface is facing said concave Sur 
face, and wherein a primary focal plane is formed facing 
said planar Surface of said lens; 

an entrance port near said focal plane for permitting light to 
enter said spectrograph along an optical path, said 
entrance port being Substantially located at a distance 
from said meridian plane in a first direction, said lens 
directing said light from said entrance port toward said 
meridian plane and said grating Surface for diffraction; 
and 

an exit port located near said focal plane for permitting a 
portion of said light to exit said spectrograph after said 
light is diffracted by said grating, said lens imaging said 
portion of said light at said exit port for receiving an 
order of light that maximizes throughput and minimizes 
astigmatism. 

47. The spectrograph of claim 46 wherein said entrance 
port and said exit port are optically connected by an optical 
path. 

48. The spectrograph of claim 46 wherein at least some of 
said portion of said light is a non-zero order of diffracted light. 

49. The spectrograph of claim 48 wherein said non-zero 
order of diffracted light is an order that is imaged most closely 
to said grating optical axis at said focal plane. 

50. The spectrograph of claim 48 wherein said non-zero 
order is a negative first order. 

51. The spectrograph of claim 46 wherein said exit port is 
at said perpendicular distance from said meridian plane in a 
direction opposite said first direction. 

52. The spectrograph of claim 46 wherein said lens has an 
optical axis that is parallel to and offset from said grating 
optical axis to improve image quality and reduce Stray light at 
said exit port. 

53. The spectrograph of claim 46 further comprising a 
housing in which said lens and said grating are placed, said 
housing for preventing light coming from any secondary light 
Source outside said housing from contaminating said light in 
said housing. 

54. The spectrograph of claim 46 further comprising: 
a reflective surface between said entrance port and said 

lens, thereby forming a modified focal plane; and 
a secondary entrance port near said modified focal plane 

for receiving light from a light source. 
55. The spectrograph of claim 46 further comprising: 
a reflective surface between said exit port and said lens, 

thereby forming a modified focal plane; and 
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a secondary exit port near said modified focal plane for 
permitting dispersed light to exit said spectrograph. 

56. The spectrograph of claim 46 wherein said primary 
entrance port and said primary exit port are located near a 
primary focal plane near said planar Surface of said lens. 

57. The spectrograph of claim 46 wherein said convex 
Surface has a center of curvature and said concave surface has 
a center of curvature that is Substantially concentric with said 
convex surface center. 

58. A modified concentric spectrograph comprising: 
a grating having an optical axis, a meridian plane, and a 

concave Surface; 
a lens having a Substantially planar Surface, a convex Sur 

face, and an optical axis, wherein said convex surface is 
facing said concave Surface, said optical axes are Sub 
stantially collinear and said Surfaces are substantially 
concentric, and a primary focal plane is formed perpen 
dicular to said optical axis facing said planar Surface of 
said lens; 

a primary entrance port near said primary focal plane at an 
intersection between a first primary axis and a second 
primary axis, wherein said first primary axis is parallel to 
and offset from said meridian plane and said second 
primary axis is perpendicular to said meridian plane and 
offset from said grating optical axis; 

a primary exit port near said primary focal plane located at 
a first perpendicular distance from said meridian plane, 
said first perpendicular distance being in a second direc 
tion opposite said first direction for receiving an order of 
light that maximizes throughput and minimizes astig 
matism; 

a secondary entrance port near said primary focal plane at 
an intersection between a first secondary axis and a 
second secondary axis, wherein said first secondary axis 
is parallel to and offset from said meridian plane and said 
second secondary axis is perpendicular to said meridian 
plane and offset from said grating optical axis; and 

a secondary exit port near said primary focal plane located 
at a second perpendicular distance from said meridian 
plane in said second direction. 

59. The spectrograph of claim 58 wherein said primary 
entrance port is positioned to receive polychromatic light and 
wherein said grating diffracts said light into at least one 
non-Zero diffraction order, said primary exit port being posi 
tioned to receive a portion of said non-zero diffraction order. 

60. The spectrograph of claim 59 wherein said non-zero 
order is an order which is imaged most closely to said optical 
axis of said grating. 

61. The spectrograph of claim 60 wherein said non-zero 
order is a negative first order. 

62. The spectrograph of claim 58 wherein said primary 
entrance port is for receiving light from a primary light 
Source, said spectrograph further comprising a housing 
around in which said grating and said lens is placed. 

63. The spectrograph of claim 58 wherein at least one of 
said ports is in said primary focal plane. 

64. A modified concentric spectrograph comprising: 
a grating having an optical axis, a meridian plane, and a 

concave Surface; 
a lens having a Substantially planar Surface, a convex Sur 

face, and an optical axis, wherein said convex surface is 
facing said concave Surface, said optical axes are Sub 
stantially collinear, and wherein a primary focal plane is 
formed perpendicular to said optical axis facing said 
planar Surface; 

a first body comprising an optically transmissive material, 
said first body having at least three planar Surfaces, 
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wherein any pair of said first body planar Surfaces inter 
sect to form a respective line of intersection, each 
respective line of intersection being Substantially paral 
lel to the other lines, a first of said first body planar 
Surfaces being located between said primary focal plane 
and said planar Surface of said lens and having a reflec 
tive surface disposed thereon, a second of said first body 
planar Surfaces facing said planar Surface of said lens, 
and a third of said first body planar Surfaces facing a 
modified focal plane, said reflective surface forming 
said modified focal plane at an optical length from said 
planar lens Surface; 

a primary entrance port near said modified focal plane at an 
intersection between a first axis and a second axis, 
wherein said first axis is parallel to and offset in a first 
direction from said meridian plane and said second axis 
is perpendicular to said meridian plane; and 

a primary exit port near said primary focal plane located at 
a first perpendicular distance from said meridian plane, 
said first perpendicular distance being in a second direc 
tion opposite said first direction for receiving an order of 
light that maximizes throughput and minimizes astig 
matism. 

65. The spectrograph of claim 64 further comprising a 
second body comprising said optically transmissive material, 
said second body having at least two Substantially parallel 
planar Surfaces, a first of said second body parallel planar 
Surfaces facing said primary exit port, a second of said second 
body parallel planar Surfaces facing said lens. 

66. A method for dispersing light comprising: 
passing polychromatic light through an entrance port 

located Substantially on a first side of and at a perpen 
dicular distance from a meridian plane of a concave 
diffraction grating: 

directing said polychromatic light with a lens toward said 
grating so that said light is incident on said grating at 
least at said meridian plane; 

diffracting said light with said diffraction grating, thereby 
dispersing said light; and 

imaging said dispersed light with said lens at an exit port 
located Substantially on a second side of said meridian 
plane for receiving an order of light that maximizes 
throughput and minimizes astigmatism. 

67. A method for diffracting two beams of light using a 
modified concentric spectrograph, said spectrograph com 
prising: 

a grating having an optical axis, a meridian plane having a 
first side and a second side, and a concave Surface, 

a lens having a Substantially planar Surface, a convex Sur 
face, and an optical axis, wherein said convex surface 
faces said concave surface, said optical axes being Sub 
stantially coaxial, 

a primary entrance port being located Substantially on said 
first side of said meridian plane, 

a primary exit port being located Substantially on said 
second side of said meridian plane, 

a secondary entrance port being located Substantially on 
said first side of said meridian plane, and 

a secondary exit port being located Substantially on said 
second side of said meridian plane; said method com 
prising: 

diffracting a first light beam comprising: 
providing said first beam at said primary entrance port, 
directing said first beam with said lens toward said grat 

ing so that at least a portion of said first beam is 
incident on said grating Surface, 
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reflectively diffracting said first beam with said grating 
to form a first diffracted beam, and 

imaging said first diffracted beam with said lens at said 
primary exit port; and 

diffracting a second light beam comprising: 
providing said second beam at said secondary 

entrance port, 
directing said second beam with said lens toward said 

grating so that at least a portion of said second beam 
is incident on said grating Surface, 

reflectively diffracting said second beam with said 
grating to form a second diffracted beam, and 

imaging said second diffracted beam with said lens at 
said secondary exit port. 

68. A method for diffracting two beams of light using a 
modified concentric spectrograph, said spectrograph com 
prising: 

a grating having an optical axis, a meridian plane having a 
first side and a second side, and a concave Surface, 

a lens having a Substantially planar Surface, a convex Sur 
face, and an optical axis, wherein said convex surface is 
facing said concave Surface, said optical axes being Sub 
stantially coaxial, 

a primary entrance port being located Substantially on said 
first side of said meridian plane, 

a primary exit port being located Substantially on said 
second side of said meridian plane for receiving an order 
oflight that maximizes throughput and minimizes astig 
matism, 

a secondary entrance port being located Substantially on 
said second side of said meridian plane, and 

a secondary exit port being located substantially on said 
first side of said meridian plane; said method compris 
ing: 
diffracting a first light beam comprising: 

providing said first beam at said primary entrance 
port, 

directing said first beam with said lens toward said 
grating so that at least a portion of said first beam is 
incident on said grating Surface, 

reflectively diffracting said first beam with said grat 
ing to form a first diffracted beam, and 

imaging said first diffracted beam with said lens at 
said primary exit port; and 

diffracting a second light beam comprising: 
providing said second beam at said secondary 

entrance port, 
directing said second beam with said lens toward said 

grating so that at least a portion of said second beam 
is incident on said grating Surface, 

reflectively diffracting said second beam with said 
grating to form a second diffracted beam, and 

imaging said second diffracted beam with said lens at 
said secondary exit port. 

69. A concentric spectrograph for spectrally dispersing 
polychromatic light comprising: 

a grating having a concave Surface and an optical axis; 
a lens having a Substantially planar Surface, a convex Sur 

face, and an optical axis, wherein said convex surface is 
facing said concave Surface, said optical axes are Sub 
stantially coaxial, said convex and concave Surfaces are 
Substantially concentric, and wherein said lens and said 
grating are positioned at a distance to form a primary 
focal plane; 

a first port facing said planar Surface of said lens; 
a first body comprising an optically transmissive material, 

said transmissive material having an index of refraction, 
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said first body having at least three planar Surfaces, 
wherein any pair of said first body planar Surfaces inter 
sect to form a respective line of intersection, each 
respective line of intersection being Substantially paral 
lel to the other lines, a first of said first body planar 
surfaces being at least partially located between said first 
port and said lens and having a reflective Surface dis 
posed on said first plane forming a modified focal plane, 
a second of said first body planar Surfaces facing said 
planar surface of said lens, and a third of said first body 
planar Surfaces facing said modified focal plane; and 

a second port facing said planar Surface of said lens and 
being located near said primary focal plane for receiving 
an order of light that maximizes throughput and mini 
mizes astigmatism. 

70. The spectrograph of claim 69 further comprising a 
second body comprising said optically transmissive material, 
said second body having at least two Substantially parallel 
planar Surfaces, a first of said second body parallel planar 
Surfaces facing said second port, a second of said second body 
parallel planar Surfaces facing said lens. 

71. The spectrograph of claim 69 wherein an angle 
between said optical axis of said grating and an axis normal to 
said first of said first body planar surfaces is about 45°. 

72. The spectrograph of claim 69 wherein said second 
surface of said first body is fixedly attached to said planar 
Surface of said lens. 

73. The spectrograph of claim 72 further comprising an 
adhesive having an index of refraction that is substantially the 
same as the index of refraction of said optically transmissive 
material for fixedly attaching said first body to said lens. 

74. The spectrograph of claim 69 wherein said first body 
and said lens are integral at said second Surface of said first 
body. 

75. The spectrograph of claim 70 wherein said second 
Surface of said second body is fixedly attached to said planar 
Surface of said lens. 

76. The spectrograph of claim 75 further comprising an 
adhesive having an index of refraction that is substantially the 
same as the index of refraction of said second body for fixedly 
attaching said second body to said lens. 

77. The spectrograph of claim 69 further comprising one or 
more optically transmissive plates placed so that said poly 
chromatic light passes through said at least one of said plates 
for varying the position of one of said focal planes. 

78. The spectrograph of claim 77 wherein said at least one 
of said plates is placed between one of said ports and said lens. 

79. The spectrograph of claim 77 wherein said at least one 
of said plates is placed between one of said bodies and one of 
said ports. 

80. The spectrograph of claim 77 wherein said at least one 
of said plates is placed between one of said bodies and said 
lens. 

81. The spectrograph of claim 77 wherein said at least one 
of said plates has an index of refraction which is different 
from said optical bodies. 

82. The spectrograph of claim 81 wherein said at least one 
of said plates comprises Sapphire. 

83. The spectrograph of claim 77 further comprising at 
least one optical filter positioned between said lens and one of 
said bodies. 

84. A method for diffracting two beams of light employing 
a concentric spectrographic apparatus, the apparatus includ 
ing a grating, a lens, a primary entrance port, a primary exit 
port, a secondary entrance port and a secondary exit port, the 
method comprising the elements of 
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(a) providing a first polychromatic light beam to the pri 
mary entrance port, 

(b) refracting the first light beam with the lens to diverge 
the beam toward the grating, 

(c) reflectively diffracting the first light beam at the grating 5 
to form a first diffracted beam, 

(d) imaging the first diffracted light beam with the lens at 
the primary exit port, 

(e) providing a second polychromatic light beam to the 
secondary entrance port, 

(f) refracting the second light beam with the lens to diverge 
the beam toward the grating, reflectively diffracting the 
second light beam at the grating to form a second dif 
fracted beam, and 

(g) imaging the second diffracted light beam with the lens 
at the secondary exit. 

85. A method according to claim 84 wherein elements 
(e)-(f) are performed during the performance of elements 
(a)-(d). 2O 

86. A method according to claim 84, wherein performance 
of elements (e)-(f) is alternated with performance of elements 
(a)-(d). 

87. A method according to claim 84 wherein the first and 
second polychromatic light beams are each provided to the 25 
lens at respective lens locations displaced from the meridian 
plane. 

88. A method according to claim 84 wherein the first and 
second diffracted light beams are each received from the lens 
at respective locations displaced from the meridian plane. 30 

89. A spectrograph comprising: 
a grating having an optical axis, a meridian plane, and a 

concave surface, said meridian plane having a first side 
and a second side, 

a lens having a substantially planar surface, a convex 35 
surface, and an optical axis, wherein said convex sur 
face is facing said concave surface, said optical axes 
being substantially coaxial or parallel to each other, 

a primary entrance port being located substantially out of 
said meridian plane toward said first side, and 40 

a primary exit port being located substantially out of said 
meridian plane toward said second side for receiving an 
Order of light that tends to maximize throughput and 
minimize astigmatism. 

90. A modified concentric spectrograph comprising: 45 
a grating having an optical axis, a meridian plane, and a 

concave surface, 
a lens having a substantially planar surface, a convex 

surface, and an optical axis, wherein said convex sur 
face is facing said concave surface, said lens optical axis 50 
is substantially coaxial with said grating optical axis, 
and a primary focal plane is formed perpendicular to 
said optical axis facing said planar surface of said lens, 

a primary entrance port near said primary focal plane at 
an intersection between a first axis and a second axis, 55 
wherein said first axis is parallel to, and 

offset in a first direction from, said meridian plane and said 
second axis is perpendicular to said meridian plane and 
offset from said optical axis, and 

a primary exit port near said primary focal plane located at 60 
a second perpendicular distance from said meridian 
plane, in a second direction opposite said first direction 
for receiving an Order of light that maximizes throughput 
and minimizes astigmatism. 

91. The spectrograph of claim 90 wherein the primary exit 65 
port is located for receiving a negative first Order of diffracted 
light. 
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92. The spectrograph of claim 90 wherein said exit port is 

elongated along said first axis. 
93. The spectrograph of claim 90 wherein said entrance 

port is for receiving light from a primary light source, said 
spectrograph fiurther comprising a housing for preventing 
light coming from a secondary light source external to said 
housing from contaminating said light from said primary 
source in said housing. 

94. The spectrograph of claim 90 further comprising: 
a secondary entrance port, and 
a reflective surface between said primary entrance port 
and said lens, wherein said reflective surface forms a 
modified focal plane in which said secondary entrance 
port is located. 

95. A modified concentric spectrograph comprising: 
a grating having an optical axis, a meridian plane, and a 

concave surface, 
a lens having a substantially planar surface, a convex 

surface, and an optical axis, wherein said convex sur 
face is facing said concave surface, said optical axes are 
substantially collinear and said surfaces are substan 
tially concentric, and a primary focal plane is formed 
perpendicular to said optical axis facing said planar 
surface of said lens, 

a primary entrance port near said primary focal plane at 
an intersection between a first primary axis and a second 
primary axis, wherein said first primary axis is parallel 
to and offset from said meridian plane and said second 
primary axis is perpendicular to said meridian plane 
and offset from said grating optical axis, 

a primary exit port near said primary focal plane located at 
a first perpendicular distance from said meridian plane, 
said first perpendicular distance being in a second 
direction opposite said first direction for receiving an 
Order of light that maximizes throughput and minimizes 
astigmatism, 

a secondary entrance port near said primary focal plane at 
an intersection between a first secondary axis and a 
second secondary axis, wherein said first secondary axis 
is parallel to and offset from said meridian plane and 
said second secondary axis is perpendicular to said 
meridian plane and offset from said grating optical axis, 
and 

a secondary exit port near said primary focal plane located 
at a second perpendicular distance from said meridian 
plane in said second direction. 

96. The spectrograph of claim 95 wherein said non-zero 
Order is a negative first Order: 

97. The spectrograph of claim 95 wherein said primary 
entrance port is for receiving light from a primary light 
source, said spectrograph further comprising a housing in 
which said grating and said lens is placed. 

98. The spectrograph of claim 95 wherein at least one of 
said ports is in said primary focal plane. 

99. A concentric spectrograph comprising: 
a diffraction grating having an optical axis, a meridian 

plane, a grating Concave surface and a set of grating 
grooves on said Concave surface, said grating grooves 
generally extending in a groove direction, and said 
meridian plane containing the grating optical axis and 
extending transversely to the grating grooves, 

a field lens having a lens convex surface, a relatively planar 
lens surface, said relatively planar lens surface being 
relatively planar relative to the shape of said, lens con 
vex surface, and a lens optical axis, wherein said lens 
convex surface faces and is substantially concentric with 
said grating concave surface, said optical axes of said 
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grating and said lens being substantially coincident and 
said relatively planar lens surface extending trans 
versely to said lens optical axis, 

an entrance port positioned to introduce incident polychro 
matic light to the relatively planar lens surface at a 5 
location on said relatively planar lens surface on One 
side of said meridian plane, and 

an exit port located to receive diffracted light emerging 
from said lens planar surface at a location on the other 
side of the meridian plane from the incident polychro- to 
matic light, said entrance and exit ports being posi 
tioned relative to said lens convex surface and said grat 
ing concave surface to reflect light which is reflected by 
said lens convex surface towards said grating concave 
surface for reflection generally towards said lens convex is 
surface to follow a path which avoids said exit port. 

100. A spectrograph as in claim 89, wherein said optical 
axes are parallel to and offset from each other: 

101. A spectrograph as in claim 89, wherein said lens is 
spherical. 2O 

102. A concentric spectrograph comprising: 
a diffraction grating having an optical axis, a meridian 

plane, a grating Concave surface and a set of grating 

26 
grooves on said Concave surface, said grating grooves 
generally extending in a groove direction, and said 
meridian plane containing the grating optical axis and 
extending transversely to the grating grooves, 

a field lens having a lens convex surface, a relatively planar 
lens surface, said relatively planar lens surface being 
relatively planar relative to the shape of said lens convex 
surface, and a lens optical axis, wherein said optical 
axes of said grating and said lens substantially coincide 
and said relatively planar lens surface extends trans 
versely to said lens optical axis, 

an entrance port positioned to introduce incident polychro 
matic light to the relatively planar lens surface at a 
location on Said-relatively planar lens surface on One 
side of said meridian plane, and 

an exit port located to receive a non-zero order of diffracted 
light emerging from said lens planar surface at a loca 
tion on the other side of the meridian plane from the 
incident polychromatic light, and, overall, to tend to 
maximize throughput and tend to minimize astigmatism. 
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