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Abstract: We present the analytical design of an imaging spectrom-
eter based on the three-concentric-mirror (Offner) coméigon. The
approach presented allows for the rapid design of this abdissystem.
Likewise, high-optical-quality spectrometers are obgdinvithout the use
of aberration-corrected gratings, even for high speeds. &proach is
based on the calculation of both the meridional and thetshgitages of an
off-axis object point. Thus, the meridional and sagittaives are obtained
in the whole spectral range. Making these curves tangerdadh ether for
a given wavelength results in a significant decrease inrastigm, which
is the dominant residual aberration.RMS spot radii less thaum are
obtained for speeds as highf4.5 and a wavelength range of 0.4-1u@n.
A design example is presented using a free interactive at&sign tool.
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1. Introduction

Hyperspectral imaging spectrometers are radiation setisat provide a collection of spectral
images of an inhomogeneous scene. This allows the speigraltgre for each object point
to be determined. They can be applied to perform many diffeigsk such as accurate map-
ping of wide areas, object identification and recogniti@ngét detection, process monitoring
and control, clinical diagnosis imaging and environmeseasment and management. Applica-
tion areas include forestry, geology, agriculture, medicsecurity, manufacturing, colorimetry,
oceanography, ecology and others[1].

In this paper we are concerned with a particular hypersgkictiager: the Offner-like spec-
trometer. This spectrometer offers some advantages oler sepectrometers used in pushb-
room imaging spectrometry: low chromatic aberrations,raact size with low optical distor-
tion, and a high speed[2]. Right now several Offner-likedngpectral instruments are available.
However, an analytical procedure for designing Offner ierags not presented in the litera-
ture. Usually the designs are done by numerical optiminaiging some kind of optical design
software[2][3]. Only recently Chrisp et al.[4] have suggelsone design strategy, however their
solution is not general and only astigmatism for a given \ength is canceled. The aim of this
work is to provide a more general solution which allows touesllow order aberrations over
the whole wavelength range of the spectrometer. Our appralkamys the analytical design of
a well-corrected Offner spectrometer with a large entrapegture. Furthermore the suggested
procedure can be implemented in a free lens design softwaing dhe design process very
easy.

The standard Offner spectrometer is made of three spheocalentric elements (two con-
cave mirrors and one convex grating). Some solutions haee peoposed to optimize the
optical quality of such a system. They include tilting or eletering of some elements, and
the usage of either toroidal reflective optics or aberratiomected gratings. In general these
solutions lead to more expensive and harder to build speetiers. Our design proposal is ap-
plied to the standard Offner spectrometer. So we can obitapler, easier to align and cheaper
spectrometers. It is a further advantage in addition to bowe mentioned ones.

The study of an optical system with an axis of symmetry (th&capaxis) is usually per-
formed by means of an analytical expansion of the wavefromirad this axis[5]. The result
obtained up to second order corresponds to the paraxiab=ippation. The first correction
corresponds to the so-called Seidel aberrations. The sttiligher order aberrations allows
further refinements. Obviously this task turns to be morelired each time we study a new
aberration order. In an Offner spectrometer the entraritensist be well separate from the
center of curvature of the grating to avoid vignetting (s&e E). The analytical design of such
a system using the standard approach is a formidable tasturately we can save a lot of
effort if we perform the wavefront expansion around anottweferred direction. It may be
the central ray of the cone of light emerging from an off-gx@ént. This type of analysis has
been carried out to study aberrations in concave gratihgs[6an be applied immediately to
convex gratings and to spherical mirrors as a special cageharefore to the standard Offner
spectrometer. Section 2 presents the fundamentals of signdaroposal. Vignetting is not con-
sidered because of its complexity. Vignetting is analyze&ection 3. Finally in Section 4 a
specific design procedure is showed as well as a practicaigea

2. Theory of thedesign

The spectrometer discussed in this paper is shown in Figcbnkists of two concave mirrors
and one convex grating. The coordinate system is centetbd atirvature center of the grating
and the z-axis crosses its geometrical center. The objextsig parallel to y-axis. This slit

is imaged by the three elements onto several images eachooresgonding to a different
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Fig. 1. Offner configuration for an imaging spectrometer. The objeat fke top left. It is
a slit parallel to y-axis. The grating lies upon the convex mirror and its\@®are also
parallel to y-axis. The reference ray is plotted in dot-dashed line.

wavelength. The grating grooves are parallel to y-axis. gitating is the aperture stop and is
not aberration corrected. That is, groove size is a congtheh projected over a chord parallel
to x-axis. To study the imaging properties of this system vilefikst focus our attention on
the most general element: the grating. Next we will extendamalysis to the full system. The
directions of diffracted light of the grating satisfy theaBg relation:

sin@ +sind’ = mA p, 1)

where 8 is the incidence angled’ the diffraction angle for the maximum of order, A the
wavelength ang the number of grooves by unit of length. The usual sign cotiwemas been
used (see for example [5]). The meridional image of an of$-@bject point produced by a
reflective grating satisfies[7]

cogf cosH  cosb+cost’
r o R

)

and the sagittal image verifies

/

% ri/ _ cosf Jl;cose . 3)
s
In these EqgsR is the curvature radius of the gratingandr,, 5 are the distances from the
incidence point of the reference ray on the grating to the«.lbjhd to both the meridionaty)
and the sagittak) image point (see Fig. (2)). A particular design correspandhe Rowland’s
condition[6][7]:
r = Rcosf = ry = Rcose’. (4)
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Fig. 2. a) Virtual object and meridional image location on the Rowland cibjl8chematic
to calculate sagittal image location through the grating for a virtual object.poin
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In this case both object and meridional image lie on the €iolradius R/2 that contains the
center of curvature of the grating and the incidence pointgnd circle) as Fig. 2(a) shows.
We stress that all the above Egs. also holds for mirnors0j. It is advisable that Rowland’s
condition is satisfied because it ensures a meridional infiigeof coma[6]. However it is
clear from Eg. (3) that the sagittal image does not lie in galnen this circle. That makes the
astigmatism the most important aberration. However as Wakaw, by a suitable combination
of the three elements of the Offner spectrometer, both isage be matched not only for one
specific wavelength but also for near ones.

First let us deduce an expression that holds for the sagittaje produced by every element.
It will be useful for further calculations. In Fig. 2(b) weveadrawn the grating and both the ob-
ject (D) and the image (B) locations. From the triangles A@B ACD, using the sine theorem

we get
1 _cog¢-90)
=
1r B cos((ipogsf o) ®)
rs Rcospl

The substitution of Egs. (5) in Eq. (3) leads to the followingariant (K) for the sagittal image:
K = sinftan¢ = —sin6’ tangs. (6)

Note that for a mirrokp = @, that is, object, curvature center, and image locationsligeed.
It is also true for a gratingnd £ 0) if object point is on the x-axis.

Now let us consider the three elements together. As the Raadandition implies a coma
free image, a sufficient condition to have a good final menidiamage is that object point (the
slit center) and both final and intermediate images lie orRbwland circle of each element.
This is the case for both mirrors and grating being conceptidvided that the object point is
located on the first Rowland circle. We stress that this asstirat the image for each wave-
length lies on its own Rowland circle no matter the dispergikoperties of gratings. Therefore
hereinafter we will assume a concentric configuration. Leput this condition in a mathe-
matical form. Consider Fig. 3 where we have drawn the Rowtdrdle of the three elements,
the common curvature center (C), the object point (O), artti buermediate and finaly)
meridional images laying on such circles. The object lieshanfirst Rowland circle if the an-
gle between CO and the reference rayri®. That follows from the geometric property which
holds that a triangle is rectangle if its hypotenuse is tleengiter of its circumscribed circle.
Taking the quadrangle AOCG we get

I—ZT—261+(71—62)+7—21+¢:271 ~  p—6,+26. )

Note that according to the sign conventiin< 0. Furthermore the distance CO verifies
CO=R;sinf; = —RzSinez, (8)

where the last equality holds because of the intersectidinsbfand second Rowland circles at
the meridional image of the primary mirror. Eq. (7) -or Eq)-(® the necessary and sufficient
condition, expressed in polar coordinates, for the objeuitgies on the Rowland circle of the
first mirror. In the same way we obtain the following mathegetconditions for the location
of the final meridional image:

s m
5—263+(n+6§)+§f¢,(,|:2rr = oy = 65— 265 9)
Cly = RzSiI']ez, = R3sinBs. (10)
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Fig. 3. Rowland circles for the concentric Offner spectrometer showiagdional image
locations. Center of curvature of the three elements (C) and both oBjeanhf imagel)
locations are indicated.

With regard to sagittal image locations we show them in FigAglwe have discussed above
object polar angle equals sagittal image polar angle in bathors. So we can relate polar
angles of both object point and final sagittal image withdecice and reflection angles on the
grating through Eg. (6):

sinB;tang = — sin6ytangs. (12)

On the other hand (see Fig. 4) radial locations of sagittalges can be related to meridional
ones by
B Clv
cos(¢y — s)
Note that this equation holds for every wavelength becéwesmeridional image for each wave-
length lies on its own Rowland circle. As soon as we have &xtdhe final meridional and
sagittal images it is straightforward to determine thegastitism as the distance between them
(see Fig. 4):

Cls (12)

Astig= Clssin(¢y; — 95). (13)

So the condition to achieve a null astigmatism for a givenelength -which could be the
central one ) in the spectral range of the spectrometer- is

¢ = b5 =}y = 65— 265. (14)
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Fig. 4. Location of the sagittal images throughout the concentric Offpecteometer. For
comparison the location of the final meridional image is also shown.

If this is the case it is obvious from Eq. (12) that
Cl=Cly =Cls. (15)

A particular solution is obtained if = ¢’ = 6, + 26, = 8, — 265 = 0, that is, the reference ray
in both the object and image space and the z-axis are pa@illeh a particular solution leads
to the design proposed by Chrisp et al. [4].

The meridional and sagittal images are in fact curves rdtiar points because of grating
dispersion (see Fig. 5). Equation (14) only assures nutjrasitism for wavelengtiA , where
the curves intersect. However there is still one degreeegfdom that can be used to improve
the design. For example, we can cancel astigmatism for anatéivelength. We have explored
this possibility but it leads to Egs. that do not make the glegiasy. Another possibility is to
make the meridional and the sagittal curves tangent to ethehn at wavelengti . As we show
in section 4, this condition assures a high matching of tisasees in the whole spectral range
of the spectrometer. Mathematically, the tangency comditinplies that the astigmatism (the
distance between curves along reference rays) is at leastderder in wavelength. Thus, we
impose / /

d/jjitlg o= d(¢“§9/ ¢s) -0
A 2 65

where we use Eq. (13) and (14). The derivative of the meraliangle is determined by means

(16)
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Meridional
¢v,v| Curve

Fig. 5. Location of both meridional and sagittal final images for a wagtteh another
than the central oneA(. The meridional image lies on its own Rowland’s circle. Both
meridional and sagittal curves are drawn.

of Eq. (9) and (10): " g
de; ! 2tan9§ an

whereas Eq. (11) allows to obtain
dgs  singgcospg

de, tano, (18)
Combining the last two Egs. and using Eq. (14) to elimir@teve write Eq. (16) as
_ _ in2g’
tan(§ + 263) — 2tands + SN2 _ o (19)

2

This equation can not be solved in the present form. By usmgle trigonometric identities
the first and the third terms can be written as functions optaAfter some algebra we obtain
a cubic equation in taf':

sin 6, 142sif 6
0sB3 2
This equation only has a real solution for #nMoreover for typical values o3 (|6_3| < 25)

@’ is less than 0.1 rad so that it can be solved quickly by antiteranethod. The solution at
n-order is given by

+tang’ — tanBs cos(26s) tar? ¢’ + tar’ ¢’ = 0. (20)

sin3 93
cosBs

1+ 2sirf 65

+tanB;cog26s) tarf ¢, | — 5

tand), = — tart ¢4, (21)
with ¢y = 0. _

The image produced by the Offner spectrometer at wavelehdshdetermined byp’ and
Cl. However we also have to determine the tilt angle of the inpdgee. We choose the image
plane to be tangent to the meridional curve\ghence, also tangent to the sagittal curve). So
the tilt angle with respect to the x-axis correspond to angie Fig. 5. To obtairno we first find
B, the angle between the tangent to the image curves and th'mpwctorC_iM atA. AsCly

and¢’ are the polar coordinates of the meridional curve we hawef(seexample [8])

9oy
dey 96 |g — —
tanB = Cly bu| _ I 2 — tanB — 2tanBs, (22)
il Ty
2 16,
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where Eq. (10) and Eq. (17) are used. Now, taking into accthensign convention we have
o = B+ ¢’. Thus combining Eqg. (14), (19) and (22) we obtain

a=¢ — arctan( sinZZqT’) . (23)

To complete the analytical study of the Offner spectrometerderive a final relationship
which connect the size of the spectrometer to the gratingitlefror that we write Eq. (1) for
wavelengths at the boundaries of the spectral rahge A *) and subtract them:

(sinB,* —sinB, ) =mp(AT —A~) = mpAA. (24)
Doing the same thing for Eq. (10) we have
Ro(sinB," —sin@,~) = Clj — Cly, =~ hspec (25)

wherehspecis the size of the spectral image and the last approximatiarbe made because of
the small values whiclp’ takes. The combination of these last Egs. provides

hspec
Ry = A (26)
which relates in a proportional way the grating density ® gfze of the spectrometeR{ can
be regarded as a scaling factor).

For a givenBz and after choosing the desired specifications of the spaeter (spectral
range, image size, f-number and size of the device) the dbgseallow to obtain its geometric
parameters. Namely, both curvature and aperture radiuemieats, grating density, both slit
and image locations, and image plane tilting. On the othed hiae value o8; is fixed through
the vignetting analysis. This is considered in the follagvection.

3. Vignetting analysis

In an Offner spectrometer vignetting of the incident coneagk can take place at three loca-
tions. We show them in Fig. 6 fdR;| > |Rs|. As soon as the specifications of the spectrometer
have been stated whether or not vignetting occurs depentiteatecentering of the line object
from the curvature center of the mirrors. According to oualgsis such a decentering (see Fig.
3) is related to the angle of inciden6g. As 6 is related to8; let us choose the last one as the
free parameter whose value determines whether or not rey&@ped by some mirror.

The vignetting analysis involves the calculation of trégeies of several rays and its inter-
section around the three locations mentioned above (seé)-ibhis analysis must be done for
the wavelength which is going to suffer more vignetting. fllvavelength corresponds to the
light which diffracts more toward the object. The condi8dor no vignetting can be written in
a general form as:

R+2)Y2> R, =12 27)

(@ +2)Y2 < min(—Ry, —Ry). (28)
However the calculation of andz as a function 0Bz is long and tedious. Moreover the Egs.
derived do not allow to calculat@; in an explicit way. As our aim is to provide an easy to
use design procedure, we follow a more practical strategypkdgram an interactive graphical
tool[9] by using the macro language of a lens design softwHne tool is written following
the work of Howard[10] but applying the Eqgs. presented inti®a2. Howard proposes some
interactive routines to design optical systems by visuakking of their performance. In our
case the interactivity facilitates the search for the senaticident angléd; which leads to no
vignetting. This also allows for rapid design. Some resusi®ig such a software are shown in
the following Section.
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Fig. 6. Locations (1, 2, and 3) where vignetting may appear for sﬁ_gaihgles

4. Design procedure

The general design procedure is sketched in Fig. 7. The guoeestarts assuming an initial
-close to zero- anglés. Then the Eqs. derived above are used in the indicated dkdesoon
as all the parameters are determined calculation of viggei carried out. If vignetting exists
then|6s| must be increased, the procedure starts again, and so oprddesiure ends whefs|

is high enough to avoid vignetting. As we have mentioned énatevious section calculation of

23) 10,15 —— (8
(@3 ;10190 ® o 4
— — N
_63 - (P_’ | O > 62 > ¢ > 91 — R
(21)"_(14) 2 (1) L@l (7) (8) Vign.?2™\¢

S|

Fig. 7. Steps for carrying out the spectrometer design according todgbeytpresented in
Section 2. The equation number used at each step is indicated.

Table
1

(26

vignetting is not direct. So we have implemented the desigrgrure in the macro language
of OSLO-EDU, a free version of OSLO lens design software[TA1$LO provides a macro

language (CCL) for building interactive interfaces as veslthe conventional tools for lens
design.
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As an example let us design the spectrometer whose spdoifisatre in Table 1. We have
chosen the spectral range and both the spectral and spagislescording to the typical speci-
fications of 2/3” CCD sensors. The groove density correspdoc standard value and allows
a compact spectrometer. Finally we have chosen a /2.6 dpszalise it is similar to those of
comparable imaging spectrometers[2][12]. The design leagth is picked out to be the cen-
tral one but it is not a must. In cases where the optical quiditA ™ andA ~ is very different
from each other another design wavelength should be sdlecte

Table 1. Specifications of the spectrometer to be designed.

Spectral range~ —A ™) | 400-1000 nm
Design wavelengthX() 700 nm
Spectral image sizé{peq 6.6 mm
Spatial image sizenj 8.8 mm
f-number 2.6
Diffraction order () -1
Grating density ) 150 I/mm

We show in Fig. 8 the most significant outputs of OSLO for thesign.TheSlider Window
is the interactive window to input the specifications. Rattrly angle6s can be modified
until no vignetting occurs. In this case it does 6| > 13.437 but to allow for building
tolerances it is safer to Ie*ﬂg| = 15°. Whether or not vignetting occurs is checked in the

U 2 Spo Dingrom Avolysin® ———— JRIEIE [ gmUW 1 Lono Drawing - HEIE
BRI Bt @ ez @M e
Three Mirrors Spectrograph UNITS: M
. A4mm @.‘ “*@% * OPTLICAL SYSTEM LAYOUT: PLAM VIEW DES: Monty
3. 0Brm —_— E 22
“’@ —
.Y ee B B
=0.01 o 0.01
FDCUS SHIFT
T 8 O B T - Three Mirrors Spectrogroph ‘ e |
it 1 SPOT DIAGRAM AMALYSIS 1014 P

= Siderwinaos ————————— WEIH|

Greler (14-1) - LI_I ﬂ

Grating density (limm) 1500 LI J ﬂ Stepd 3 :’

Angle mirrar 3 150 LI J ﬂ Step 013 :’

Injaut t 260 LI _I ﬂ Step 0.02 :’

Ohj. Size 860 LI J ﬂ Step 0.04 _;

Spectral Image Size B0 LI _I ﬂ Step 0.04 :’

Central Vavelength 070 LI _I ﬂ Step 0.0051 :’
Wavelength range 060 LI J ﬂ Step 0.004 :’

Design wavelength 070 LI _I ﬂ Step 0.0051 :’

Fig. 8. Outputs of the implementation in OSLO-EDU of the design procedMeeshow
the results for the spectrometer whose specifications are in Table 1.

Lens Drawingwindow. The rays corresponding to the light which is diftextt more towards
the object are plotted in this window { = 1 umin our example). Finally th&pot Diagram
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Analysiswindow shows the image spots for this wavelength and foretlfiedd points (0 mm,
3.08 mm and 4.4 mm). The Airy’s disk boundary is also plottecdlack circle. The optical
quality of the design is obvious regarding this figure. A ctetgr analysis reveals that the
worst RMS spot radius for both wavelengths considered(@¥4 0.7 um, and 1.Qum) and for
the three field points mentioned is 4.j#n which is close to the diffraction limit (3.18m for
AT =1pum). A spectral resolution less than 0.9 nm can be achievedswith a spot size and
for the given spectral range. Moreover if we decre@eja to 135° (which is in the range to
avoid vignetting) the worst RMS spot radius is reduced t®& 3.6 and the spectral resolution
to less than 0.7 nm. We stress that in both cases we havelglighhifted the image plane
to get more rounded spots. This shift changes the spot redji hittle, actually it increases
slightly the worst RMS value. The design prescription h‘&g\ =15 is given in Table 2. We

Table 2. Prescription data

Ry | -142.66 mm| ¢ | 0.842
R, -73.33mm | ¢’ | 1.024
Rs | -137.26 mm| a ~0°
CO | 43.23mm
Cl 35.53 mm

have also evaluated two typical distortions present in pumm spectral imagers: smile (image
curvature for monochromatic light) and keystone (changmadnification with wavelength).
They are as low as expected for this class of spectromet&ije is~0.1 um and keystone
~0.3 um which correspond to 0.833% and 2.5%, respectively, foxalgize of 12um.

To show the quality of this approach we plot in Fig. 9 the wrMS spot radius versus
f-number for the specifications in Table 1. For each f—nurdlﬁ@f is the smaller angle that
leads to no vignetting. It can be seen from this figure thagorable results are obtained even
for very fast speeds. For example a worst RMS spot radiusI#um is obtained forf/2.0
and m=1. This spot radius is similar to the RMS value of the comiadc available VS-
15 spectrometer which uses an aberration corrected grh#hdeven though the spots for
high apertures may look not so good this design procedutéligseful. It provides a starting
point for both numerical optimization by removing the coniti& constrain and specific grating
design. This potential improvements have not been checkeduse it is beyond the scope of
the present paper.

5. Conclusions

We show that using a simple analytical approach it is easyegigd high aperture imaging
spectrometers based on the Offner relay. Our approachsflamevery wavelength to reduce
the astigmatism in a great amount. Thus high optical quafigctrometers are obtained - even
diffraction-limited- without use of specific aberrationroected gratings nor numerical opti-
mization through expensive optical software. Furthernveeepropose a design procedure ac-
cording to the theoretical results. It is used to design dqear spectrometer. Both to easily
take into account vignetting and make faster the desigh it@eimplement this procedure us-
ing a free version of OSLO lens design software. It resulta powerful tool for designing
Offner imaging spectrometers of excellent quality in a skiore.
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Worst RMS spot radiugitm)
N w
o o

=
o

fI#

Fig. 9. Worst RMS spot radius versus f-number forsii=diffraction orders (solid lines)
and the specifications from Table 1. The diffraction limit (dashed line) ie edpre-
sented for wavelength *=1000 nm. Note that diffraction limits the minimum spot size
for f/#>2.7.
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