The optical design of a highly segmented, very wide-field spectrograph
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ABSTRACT
In this paper we work out the optical design of, basically, a limited Field of View off-axis camera. This element is the
ingredient of a much more complex very wide field of view spectrograph and it is intended to avoid technological
difficulties related with huge optics by replicating such element (or family of such elements). The optical design has to
deal with the large off-axis aberration at a point in the Field of View as far from the optical axis as about 0.75 degree.
This requires special tools for treating the convergence of the optical design as, for instance, vignetting on the edges can
be severe because of the strong aberrations at the field lens entrance. Constraints into the optical design are particularly
interesting as well: in fact the overall cross section of the design have to lie within the footprint of the entrance Field of
View in order to allow for an array of such a design to be assembled together and guarantee the space for the allocation
of micro-mechanisms required for movable slits and grisms in each module.
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1. INTRODUCTION
The idea to segment the focal plane of a telescope in order to overcome large lenses manufactory problems and reduce
the mechanical alignment issues of a stand-alone focal reducer is not a new idea [1]. Moreover, instruments with
moderate focal plane segmentation already exist such as Wide Field Planetary Camera on HST and in VIMOS on VLT.
We have introduced time ago an extreme concept of focal plane segmentation ([2], [3], [4]) based on the idea of
correcting the off-axis optical quality through an on-pupil corrector that applies uniform correction over the whole Field
of View.
In the following we present the optical design of a doable highly segmented focal reducer, intended as first piece of a
spectrograph, planned to be installed at the Large Binocular Telescope. A general description of the instrument can be
found in [5].
The optical design for this kind of approach has to take into account three major problems: the secondary mirror has to
be substituted with one allowing a proper scale on the focal plane; in order to allow mass production of the lenses
composing the channels, into which the focal plane is segmented, all the optical elements have to be the equal
independently by the distance from the optical axis (but for the on-pupil corrector). The dimensions of the lenses have to
be maintained below the dimension of the first lens (representing the maximum dimension of the channel) allowing the
allocation of micro-mechanisms such as movable slits, grisms, etc.
Currently, the image quality achieved with this design approach is of the order of 1 arcsec over a circular Field of View
of 1.5 degree. The correction is more effective for the channel near the optical axis where the spots delivered by the
telescope itself are small. A natural upper limit for the channel dimension is represented in fact by the spot size, which at
the Field of View edge should remain inside the channel aperture in order to avoid (or minimize) light losses.
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2. SIMULATION
In order to demonstrate the reliability of the optical concept and better understand the applicable limits of the system (i.e.
the size of each module, the instrument Field of View and the numbers of modules), we have initially simulated the
expected theoretical optical quality as function of the Field of View.
A Ray-Trace procedure was defined and used to retrieve the size of each single module composing the camera as a
function of the imposed correction, once fixed the optical quality we achieve. The proper telescope configuration is
defined (see subsection 3.1), and first of all the procedure maximize the optical quality, optimizing a user-defined
number of Zernike polynomials in the center of the local Field of View. After that, the same correction is applied moving
in proximity of the local Field of View, and the optical quality is measured as long as it remains under an user predetermined acceptable value. If the case the optical quality get worse, the size of the box inside of which the optical
quality is acceptable is returned by the procedure. This optimization process is repeated for several Fields of View, set by
the procedure. Since no refractive elements have been inserted in the simulation, the described procedure does not take
into account of chromatic effects.
Being the instrument working as a spectrograph in seeing limited mode, we decided to declare optical quality acceptable
within 1 arcsec. The number of Zernike polynomials used have been tuned by trying many simulations and at last we
adopt 37 terms (not all the terms are effectively used). With these assumptions we obtain a maximum field of view of
6.57 arcmin for a module on the optical axis while it is 0.77 arcmin for a module at 1.25 degree from the telescope
optical axis. (see Fig. 1, diamond dots).
We assume here that the module is compound by a collimator, a Zernike corrector and a camera, and, eventually, a oneto-one relay (see section 3.2). Once the collimator has been designed, we have applied the same optimization procedure
to a real Zernike surface element (BK7, 2 mm thickness) located at the reimaged pupil. At this level, the camera has
been simulated with a paraxial surface.
This simulation has been carried out assuming that the collimator first lens is a square field lens with diagonal of 3
arcmin and, after the Zernike polynomials optimization, we determine the corrected local Field of View box as function
of the position over the telescope optical axis along the paraxial focal plane. The result is the squared dots in Fig. 1.
A better performance can be obtained if the modules are located along the “curved” focal plane delivered by the
telescope: in fact, if each module is positioned along the optical axis at the best focus position of its central local Field of
View and tilted as the chief ray and then we apply the optimization process, we obtain the circle dots curve in Fig. 1. In
this case, the results are even better than the theoretical case in a wide part of the considered Field of view, but as
counterpart the scale at the final focal plane will be slightly different for each module (it can be treated as the “field
distortion” of a monolithic instrument).
The spot dimension grows very quickly with the distance from the optical axis, and it represents a natural upper limits to
the size of the module if we want to minimize the vignetting: the footprint of the spot has to be completely inside the first
lens aperture, at least for the local central Field of View. In Fig. 1 the geometrical diameter of the spot as function of the
distance from the optical axis has been plotted for both “flat” and “curved” focal planes. By comparing the curves of the
module size and the spot size in the case of the modules allocation along the “curved” telescope focal plane, we obtain a
limitation at about 1 degree from the optical axis.
For the optical design we assume a module square Field of View having a diagonal of 3 arcmin and an instrument
circular Field of View having radius 0.75 degree. With this choice, we expect to reach an optical quality <1 arcsec but
for the modules at the border of the Field of View.
The total number of these modules required to completely cover the telescope focal plane is 1460 as shown in Fig. 2.
During the design, we have identify 4 modules are representative of family. They are the once lying along the diagonal
with radial coordinate (0.025, 0), (0.225, 0), (0.475, 0) and (0.725, 0) degrees, and in the following indicated with CH1,
CH5, CH10 and CH15 respectively.
Of course, the sampling of the telescope focal plane can be achieved with different families of modules having different
angular size as function of the distance from the optical axis but, at this working level, we have detail studied only the
case of a single module for the whole focal plane. In the future, we will consider more classes of modules having
different size depending on their radial position.
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Fig. 1. Comparison among the simulation and the designed modules in the case of flat focal and curved plane module allocations. The
plots shows the maximum field of view of the module having an optical quality better than 1 arcsec and the spot dimension on the
telescope focal plane as function of the distance from on-axis field.
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Fig. 2. Coverage of the telescope Field of View with 1460 equal modules having diagonal 3 arcmin.

3. OPTICAL DESIGN
In the following sections, a possible optical design for the wide field spectrograph concept is briefly described,
considering the best combination of Field of View and sampling obtained with the previous simulation and ray-tracing
process. At the moment of this paper writing, a full coverage of a 1.5 degrees Field of View has been obtained. The
image quality is not completely satisfactory yet, particularly at the edge of the field, but we have to remind that, for the
time being, only a "block diagram" approach (each sub-system is designed as a stand-alone component) has been used,
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reaching probably a kind of limit after which we shall switch to a global module design. The adopted goal for the optical
quality along the whole Field of View is 1arcsec.
3.1 Telescope design
The Large Binocular Telescope (LBT) as been selected as a suitable telescope for this type of instrument. This choice is
due both to mechanical reasons, since its structure allows the insertion of a “trapped” secondary mirror and of the
instrument between it and the primary mirror, and to the raising of scientific advantages, because the binocular
configuration of LBT permits the instrument duplication allowing multiplexing or a multi-wavelength approach,
optimizing the instrument for two different bands, following LBC (Large Binocular Camera) footsteps ([6], [7]).
Considering LBT as the reference telescope for this study, the new trapped secondary mirror should lead to a
configuration faster than the actual F/14.7 one, in order to match the wide field astronomy target of the instrument. To
achieve the required focal plane dimensions considering the instrument allocation, the secondary mirror has to be
modified in dimension (1.41m in diameter) and shape and the configuration of LBT turns into a classical F/4 RitchieChretien with the focal plane located at about 3.6 m over the primary mirror. The modified secondary mirror has been
dimensioned in order to cover the 1.5 degrees Field of View without vignetting, resulting in a 0.91m focal plane.
Aspheric terms will be inserted in the mirror design in case the final optical quality will turn out to be not satisfactory. In
Fig. 3 an overall design of the F/4 configuration of LBT is given. The optical quality on the focal plane is dominated by
the Ritchie-Chretien configuration, providing a curve focal plane over a wide Field of View. For this reason, the
resulting optical quality is quite inhomogeneous reaching the diffraction limit on axis but deteriorating quickly while
moving to off-axis fields. Mainly for this reason it is very difficult to obtain better performances at this stage, and
additional correction will have to be performed by each individual module of the wide field spectrograph.

Primary
mirror
Secondary
mirror
1.41 m

F/4
focal plane
0.91 m

8.4 m

Fig. 3. LBT in F/4 Ritchie-Chretien configuration.

3.2 Modules design
During the design we have initially considered a monochromatic approach (wavelength 550 nm), extending the concept
to a wavelength range 400-900 nm only in a second time. Fig. 4 shows the concept and the dimensioning of a single
module, to which we will refer in the following explanation. Each channel has a diagonal (LFP1), with an angular
dimension of 3 arcmin, corresponding to 29.3 mm at the telescope focal plane: this gives 30 channels along the diameter
of the Field of View. The first element is called Pupil Re-imager 1 and consists in a group of lenses, which re-images a
reduced telescope exit pupil. The second element is an off-axis corrector plate, placed at the re-imaged pupil location and
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acts corrects the common path aberration all over the local Field of View; since we already noticed that the aberration in
strongly field dependent, the corrector plate is the only optical element specialized for each module. Going on the optical
path, the following element is the so-called Camera 1, focusing the light in a F/2 focal plane (diagonal LFP2 14.6mm). In
a classical spectrograph configuration, the slits should be placed exactly on this FP2, while it should be the focal plane
where the optical fibers are fed in the case of a spectrograph located elsewhere. In Fig. 4 a classical spectrograph is
represented by the 1-to-1 re-imaging system (Pupil Re-imaging 2, Camera 2) with a dispersion grism in the intermediate
pupil. The grism is composed by a combination of Volume Phase Holographic Gratings and a Fresnel Prism, granting a
resolution power of the order of 1000. A detailed description of the dispersive element can be found in [8].

F/4
F/2

F/2

Fig. 4. Scheme of the optical concept of a single channel.

One of the main issue for the design is the pupil re-imager 1. It is basically a focal reducer starting with a square field
lens and having the following group of lens smaller then the field lens to allow multi-modules and micro-mechanism
allocation. Moreover, being the optics group equal for all the channels, the collimator of the pupil re-imager 1 has to
work with an angle greater than the one subtended by the telescope exit pupil by a quantity depending on the position of
the channel at the edge of the field of view (see Fig. 5). In particular, for the case study, the subtended angle by the
telescope exit pupil is 14.6 degrees while the collimator has to work with 23.1 degrees. The collimator is quite fast, i.e.
F/1.87. The obtained pupil quality for the monochromatic case is better then 2% of the pupil size while it is about 3%
over the whole spectral range.

LBT Exit Pupil

Distance over the optical axis of the
module at the edge of the field of view

Fig. 5. Telescope exit pupil as seen by a module at the edge of the Field of View.
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At the moment of this paper writing, the correctors are represented with a BK7 plate having 2 mm thickness whose
optimized shape, which is different for each module, has been determined separately with 37 Zernike terms as coherently
with the simulations (not all the terms are effectively used for the correction). The Camera 1 has then been designed to
provide an F/2 focal plane and it is composed by lenses, which are all smaller then the initial field lens. The overall first
focal reducer, equipped with the pupil corrector for the central module is shown in Fig. 6.
The second re-imaging system had to satisfy the same size limits for the lenses as the first one, with further attention to
grant enough focal extraction in FP2 and in the pupil P2 to allow both the slits and the grisms movements. Fig. 7 shows
the 1 to 1 re-imaging system.

Off-Axis
Corrector

Collimator
FP1

Camera

FP2

Fig. 6. Layout of the focal reducer F/4 to F/2.

FP2

Collimator

Grisms
location

Camera
FP3

Oversized CMOS

Fig. 7. Layout of the 1 to 1 re-imaging system.

The optical quality has been compared with the simulations in the monochromatic case. As first step we have disposed
the modules along the telescope flat paraxial focal plane. With reference to the squared dots curve in Fig. 1, the size of
the module field of view having image quality < 1 arcsec is slightly worse of the simulated one with a field of view
reduction of about 1/4 at 0.75 degrees from telescope optical axis. Being the optical quality at the telescope paraxial
focal plane very poor at the edge of the covered field of view (the footprint has a diameter of about 20 mm), the light
coming from the fields near the central one will be spread out of the module field lens (light split into several modules).
To overcome this light spreading and to improve the corrected field of view of each single module, the idea is to both
position and tilt the modules little by little while moving away from the center of the telescope curved focal plane. The
best position and tilt of each module are obtained optimizing the image quality and the tilt of the chief ray of the local
central field. Fig. 8 shows the overall layout of the modules allocation. The disposition has also been studied in order to
leave more space among the channels for the mechanism allocation. According to simulations, the resulting image
quality after the modules re-disposition along the curved focal plane satisfies the 1 arcsec requirement over a wider Field
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of View, except for the very Field of View edge, as shown in Fig. 1 (circle dots line). The estimation of the optical
quality is obtained as the 80% encircled energy diameter for the local central fields 0.025, 0.225, 0.475 and 0.725 degree
(channels 1, 5, 10 and 15 respectively), as shown in Fig. 9. The resulting optical quality, in agreement with the
simulations, is better than 1 arcsec for the central fields (CH1, CH5), while it get worse for some fields near the edge for
the channels 10 and 15. These results are of course partial, since the simulation has been performed only in
monochromatic condition, while the module has been designed over a wavelength range 400 – 800 nm.

CH15

CH10

CH5

CH1

Telescope
Optical Axis

Fig. 8. Allocation of the modules along the curved focal plane (only the first collimator is shown).
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Fig. 9. Encircled energy of the channels CH1, CH5, CH10 and CH15.
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The problem of the common spots among different modules still exists but it is minimized by the allocation of the
modules along the “curved” focal plane. In the case of fields images falling at the edge between two modules, the light
will be processed and focused by the two modules separately giving two images of the same field (see Fig. 10). This
implies an oversize of each module focal plane (i.e. oversize detectors at the one to one re-imager focal plane) in order to
capture the light from the overlapping fields and minimizing the vignetting effect.

Common
Field

Oversized
Focal Pane

Fig. 10. Behavior of an overlapping field falling between two modules.

4. CONCLUSIONS
INAF (Italian Institute of Astrophysics) has founded the assessment study of such kind of extremely segmented focal
plane reducer in the contest of a much more specialized instrumentation for the 8 m class telescope after the advent of
30+ m class telescope. In this framework, we have realized a preliminary optical design of a doable focal reducer
delivering a sufficient optical quality for a low resolution spectrograph. As next step, it is planned to realize a prototype
of one complete module to be tested on a 8 m class telescope.
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