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Abstract

In the present work, the optical design of a new high radiative flux solar furnace is described. Several optical configurations for the
concentrator of the system have been considered. Ray tracing simulations were carried out in order to determine the concentrated radi-
ative flux distributions in the focal zone of the system, for comparing the different proposals. The best configuration was chosen in terms
of maximum peak concentration, but also in terms of economical and other practical considerations. It consists of an arrangement of 409
first surface spherical facets with hexagonal shape, mounted on a spherical frame. The individual orientation of the facets is corrected in
order to compensate for aberrations. The design considers an intercepted power of 30 kW and a target peak concentration above 10,000
suns. The effect of optical errors was also considered in the simulations.

© 2010 Elsevier Ltd. All rights reserved.
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1. Introduction

Modern solar furnace technology starts in the 1950s dec-
ade. The first research in these devices was directed towards
studying the effects of high temperatures (around 3500 °C)
on the properties of different materials exposed to highly
concentrate solar fluxes (Glaser, 1958). Among their appli-
cations is the study of properties like thermal conductivity,
expansion coefficients, emissivity, melting points (Hisada
et al., 1957), and also the study of ultra refractory materi-
als, determination of phase diagrams, crystal growth, and
purification of materials. At the same time, methods for
the measurement of high temperatures in receivers (Bren-
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den et al., 1958), and the flux density of concentrated radi-
ation (Loh et al., 1957) have been developed. The later
have evolved and image digitalization techniques are used
(Jonhnston, 1995), together with calorimetric techniques
(Pérez-Rabago et al., 2006; Estrada et al., 2007).

Among the first furnaces built, were the furnace of Ari-
zona State College in the USA, in 1956 (Kevane, 1957),
and the furnace of the Government Institute for Industrial
Research, in Japan (Hisada et al., 1957). Solar furnace
technology has evolved, and larger furnaces have been
built, like the one of the CNRS in Odeillo, France, with
1000 kW (Trombe and Le Phat Vinh, 1973); the furnace
of the Academy of Sciences of Usbekistan, with 1000 kW
(Abdurakhamanov et al., 1998); the furnace of Paul Scher-
rer Institute (PSI), of 25-40 kW (Schubnell et al., 1991); the
furnace of CIEMAT, in Plataforma Solar de Almeria,
Spain, with 45 kW; and the furnace of DLR, in Cologne,
Germany, of 20 kW (Neumann and Groer, 1996). More
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recently, a designs based on nonimaging optics has been
developed (Chen et al., 2002; Lim and Li, 2009)

Mexico has an ideal position for the implementation of
solar technologies, due to its favorable geographical loca-
tion in the sunbelt of the planet. The estimated yearly aver-
age insolation is higher than 5.5 kW h/m” per day over the
country. In particular, in the northwestern states this inso-
lation can reach nearly 6 kW h/m? and has a very impor-
tant component of beam solar radiation. This high
quality solar resource makes that area ideal for the imple-
mentation of concentrating solar technologies (CST), either
for electrical power generation or for the production of
solar fuels as Hydrogen. With the aim of promoting the
development of CST in México, the construction of a high
radiative flux solar furnace (HRFSF) was proposed, as a
tool for research and development in the field. This devel-
opment is part of a larger project known as “National Lab-
oratory for Solar Concentration Systems and Solar
Chemistry”, which involves also the development of a
Heliostat Test Field and a Solar Photocatalytic Water
Treatment Plant. Federal funding for the development of
this infrastructure was approved by Consejo Nacional de
Ciencia y Tecnologia (CONACYT), and the project is
now in progress, with additional funding from Universidad
Nacional Auténoma de México (UNAM) and Universidad
de Sonora (UNISON). The HRFSF is being developed in a
3 year period, starting from September 2007, by UNAM, in
collaboration with Instituto Nacional de Astrofisica, ()pti-
ca y Electronica (INAOE), and other institutions. The
main applications of this infrastructure are expected to be
in the areas of solar chemistry and solar materials process-
ing (Fletcher, 2001).

Based on the information available in the literature and
with the aim of building a highly concentrating system, the
design targets for the HRFSF were set as follows: thermal
power of 30 kW and peak concentration above 10,000
suns, producing a solar image of 10 cm diameter or smaller.
In order to achieve the above targets, several possible con-
figurations were analyzed and the optical characteristics of
the system were optimized by means of ray tracing
simulations.

There is little information in the literature regarding the
detailed optical analysis of the existing furnaces and dis-
cussing the considerations and methods that led to their
final optical design. In order to contribute to the under-
standing of the effect of different parameters and their
interaction on the performance of high concentration solar
devices, the procedures followed in the design of the
HRFSF are discussed here. In the following, the results
obtained for the different studied optical configurations
are presented, and the effect of the different parameters is
discussed.

2. Preliminary design

The project started with an initial proposal of a furnace
with around 30 kW power. The sizes of the main compo-

nents were determined from this restriction, resulting in a
36 m? concentrator and a 81 m?, flat heliostat, located at
14 m distance from the vertex of the concentrator. Note
that, because of the low latitude of the site chosen for the
furnace (the city of Temixco, in the Morelos state; at 18°
50 20.81" North), as compared with other existing facili-
ties, a large heliostat is required to fully illuminate the con-
centrator during a sufficient number of hours: 3 h at least in
the summer solstice, and 8 h in the winter solstice. Actu-
ally, winter is the best season for experimenting with highly
concentrated radiation at the site.

Some solar furnaces like those at DLR or NREL have
an off-axis configuration. In the present case it was decided
to use a horizontal on axis configuration instead; i.e., one
with the focus in the same axis joining the center of the
concentrator and the vertex of the heliostat. This kind of
configuration suffers from shadowing by all the structures
located in the focal region, including the positioning table,
but on the other hand, reduces off axis aberration effects.
The effective focal distance of the concentrator was set to
3.68 m, in order to attain a near optimal numerical aper-
ture for the system. In general, for a faceted concentrator
this optimal value differs from that for an equivalent ideal
paraboloid, as has been pointed out elsewhere (Riveros-
Rosas et al., 2008, submitted for publication). Actually, it
has been found the optimal numerical aperture depends
strongly on both the size of the facets and their optical
error.

It was decided that the concentrator would be fabricated
as a faceted mirror, formed by polished, first surface, glass
mirrors. This kind of mirrors was chosen because they eas-
ily provide the high optical quality required for the furnace
and, at the same time, they can be manufactured with very
good specifications in México. Because of fabrication cost
considerations, spherical curvature is chosen for the mir-
rors. This implies that facets are not segments of a single
larger parabola, but small independent mirrors instead.
The shape of the facets was chosen to be hexagonal,
because this geometry fills quite well the concentrator area,
still being relatively easy to polish. From the point of view
of filling the space, square facets would be an interesting
option also, but they are much more difficult to polish
adequately.

From the results reported by Riveros-Rosas et al. (2008,
submitted for publication) about the influence of the num-
ber of facets in the concentration factor, it was sought that
the concentrator had the largest practical number of facets.
Therefore the size of the facets was chosen to be 40 cm apo-
them, on the basis of local fabrication capabilities and
mounting considerations.

3. Methodology
With all the above conditions established, there are still

several parameters which can be optimized for the system:
the spatial distribution of the facets (geometry of the sup-
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porting frame), their individual inclination, and focal
distances.

Regarding the first of these parameters, the geometry of
the supporting structure, three different geometries were
explored: flat, parabolic, and spherical. Take into account,
that depending on the geometry of the mounting frame, the
shape of the mirrors may be altered. For instance, in Fig. 1
it is shown how the shape of each mirror must be changed
such that the hexagonal facets completely fill the surface
for the spherical frame. This was done without altering
the vertical dimensions of the mirrors, changing only the
horizontal dimensions in order to fit the mirrors into the
array. The difference with respect to regular hexagons is
actually small, but it must be taken into account in the fab-
rication of the facets.

The other two parameters, i.e., mirror inclination and
focal distances must be investigated independently for each
of the three considered geometries of the mounting
structure.

In the present optical system the spherical aberration of
the facets is important. Due to this aberration and, to a
smaller degree, to comma and astigmatism, the focal region
is increased in size. Facets that are on the most external
parts of the concentrator are the largest contributors to
these aberrations, because radiation coming from the helio-
stat impinges on them at larger angles. Aberrations cannot
be corrected with additional optical surfaces in a system
like this. A lot of improvement can be achieved, however,
by reorienting the facets to different inclinations.

In the case of the parabolic frame, the best solution is
when all facets are oriented tangent to the frame; however,
the spherical and flat frames require reorienting the facets.
In these cases, the angle for each facet is chosen such that a
light ray reflected on the center of the facet is directed

towards the focal point of the system, as illustrated in
Fig. 2b. This way, even though the facets are mounted
on a spherical or flat frame, they are not tangent to the sur-
face of the frame.

The third parameter to investigate is focal distance.
Using different focal lengths for the facets also helps to
compensate for aberrations. For this purpose, in principle,
each facet should have its own focal distance. In the present
case, the criterion applied was to set the focal length of
each facet equal to its actual distance to the focus of the
system.

One problem with the above is that fabricating many
facets with different focal distances is more expensive and
lengthy than making all of them equal. For that reason,
the sensitivity of the design to variations in focal distance
was investigated. This was done for a parabolic frame: first
the reference focal length of each facet was determined with
the above criterion. Then a ray tracing simulation was run
for a configuration considering all those different distances.
After this, the focal distances were varied: all of them
reduced or increased by the same constant magnitude,
from —15 to 15cm, in 1 cm steps, and simulations were
run for each configuration.

With the above procedure, it was found that focal
lengths can be changed from their reference values by an
amount of +12.5 cm (i.e., by an amount around 3.5% of
the global focal length of the system) without reducing
the peak irradiance by more than 3%. This indicated the
feasibility of grouping facets into sets of fixed focal length.
To define such groups, the following procedure was pro-
posed: the difference between the longest and the shortest
of the reference focal lengths was divided into 10 cm inter-
vals. All the facets with focal distances falling within each
interval were defined as a group. Then, the focal length

20

Fig. 1. Difference between the largest and the smallest hexagonal mirrors for the spherical frame.
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(a)

spherical aberration

w
(b) reorientation

system focus

Fig. 2. Correction of spherical aberration (a) by reorientation of facets (b).

of each group was taken as the average of all the reference
focal distances of the corresponding facets.

With the above procedure, the task of fabricating facets
with nearly 100 different focal distances could be simplified
to only around five different distances. Similar results were
also obtained for the flat and spherical frames.

Based on the above arguments, the following configura-
tions were chosen for detailed comparison, which is dis-
cussed in detail in the next section:

e P: Continuous paraboloidal mirror of square shape
spanning the whole 36 m?, as an ideal reference case.

e P1: Paraboloidal frame with tangent facets. All facets
with different focal distance (reference focal lengths).

e P2: Paraboloidal frame with tangent facets. Facets in
five different groups of equal focal distance.

e El: Spherical frame with tilted facets. All facets with dif-
ferent focal distance.

e E2: Spherical frame with tilted facets. Facets in five dif-
ferent groups of equal focal distance.

e E3: Spherical frame with tilted facets. All facets with the
same focal distance.

e F1: Flat frame with tilted facets. All facets with different
focal distance.

e F2: Flat frame with tilted facets. Facets in five different
groups of equal focal distance.

e F3: Flat frame with tilted facets. All facets with the same
focal distance.

In configurations E2, P2, and F2 only five different focal
distances are used, on the assumption that a good optical
performance can be achieved in this way, as discussed
above.

Simulations were carried out for the different configura-
tions seeking to maximize the peak of concentration, i.e.,
the peak of the radiative flux distribution in the focal plane
of the system. These simulations were done with a ray trac-
ing program based on the convolution technique (Rabl and
Bendt, 1982) (also known as effective source or degraded
sun technique). In this technique the number of rays to
be traced is very much reduced with respect to a straight-
forward ray tracing. This is done by performing the math-
ematical 2D convolution of the incident solar angular

distribution (sun shape) with the global angular error dis-
tribution of the optical system. It is assumed that the opti-
cal error distribution is a normal distribution, and the
measure of the global optical error is the standard devia-
tion of this distribution. The convolution is solved numer-
ically in order to obtain the so-called degraded sun
distribution. This distribution is used as an effective solar
cone in the ray tracing, accounting both for the size of
the solar cone and the angular distribution of reflection
errors. Finally, instead of tracing cones of radiation from
the sun to the target, only the central ray of each cone is
traced and the effective sunshape is projected onto the focal
plane, centered on the ray impact point, in order to calcu-
late the final irradiance distribution.

In fact, each simulation run was carried out with two ray
trace codes of different nature, the first one, described in
the preceding paragraph and called Tonalli (Riveros-Rosas
et al., 2008, submitted for publication), is a code based on
the convolution method (Biggs and Vittitoe, 1979). The
second is commercial optical design software, called
Zemax. It was necessary to complement this latter software
with a routine in C language to calculate the irradiance dis-
tribution on the receiver.

At a first stage, optical errors were not accounted for in
the simulations. Thus, the results of simulations for the dif-
ferent configurations investigated were compared in ideal
conditions of reflectivity and specularity. From this proce-
dure, on the basis of maximizing peak concentration, a
configuration was chosen for further investigation. With
this selected design, a second simulation step was carried
out, by considering different values of the global optical
error, in order to determine the influence of this parameter.

The global optical error takes into account all possible
errors appearing in the system that affect the direction of
the reflected rays: mechanical fabrication errors, facet align-
ment errors, heliostat tracking errors, errors in facet curva-
ture, and intrinsic errors due to the roughness of the
reflecting surface. The standard deviations of the statistical
distributions for all those possible errors add in quadrature
to give the global error (standard deviation of the global
error function; Rabl and Bendt, 1982). The simulations
allowed determining the maximum tolerable value of the
global error to attain the design targets stated in the previ-
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ous section. We assume, as is customary, that the error dis-
tribution corresponds to a Gaussian distribution. The glo-
bal standard deviation of the optical error is varied from 2
up to 5 mrad. The sun’s model was a standard solar radia-
tion cone (Rabl and Bendt, 1982), as for instance in the
CIRCE2 ray trace code (Romero, 1984). This sun shape
model corresponds to an average of observations carried
out with the Lawrence Berkeley Laboratories circumsolar
telescope at 11 sites throughout the United States (see for
instance, Buie et al., 2003).

4. Results and discussion

The main results of the simulations are presented in
Table 1 and Figs. 3-7.

The highest peak concentration occurs, as expected, for
the control case of a continuous paraboloid (P). An impor-
tant trend to note is that using a single focal distance for all
the facets gives always much worse results than using sev-
eral different distances; i.e., the E3, and F3 configurations
are the worst of all. However, it is also notorious that,
for all different frame geometries, using just five different
focal distances gives results nearly as good as using a differ-
ent focal distance for each facet. This confirms the possibil-
ity of obtaining satisfactory results with a small number of
different focal distances, which is cheaper to fabricate. Five
or six focal distances turned out to be a good number in
preliminary analyses, which is confirmed by the present
results.

Another result to note is that the four configurations E1,
E2, P1, and P2, are very similar to each other; there is prac-
tically no difference in peak concentration between the
paraboloidal and spherical frames, either when all facets
have different focal distances (E1 and P1), or when they
are grouped in five sets (E2 and P2; note that the lines
for these two cases are practically indistinguishable from
each other in Fig. 6). Also, the cases F1 and F2 are very
similar to each other. They have smaller spot radius than
El, E2, P1, and P2. However, the irradiance peak is smaller
for these flat frames, as can be seen in Fig. 6.

It may seem paradoxical that the flat frame produces
slightly smaller spot radius than the spherical and para-
bolic frames, and at the same time has lower peak concen-

Table 1

Results of the simulations for the analyzed configurations.

Config. Peak flux Spot radius Spot radius
(kW/m?) (cm) 90% power (cm) 95% power

P 36,942 1.97 2.20

Pl 34,560 2.61 3.11

P2 34,425 2.65 3.12

El 34,548 2.63 3.14

E2 34,419 2.65 3.17

E3 29,903 2.90 3.59

F1 32,515 2.48 2.82

F2 32,316 2.52 2.89

F3 23,804 3.20 3.76
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Fig. 3. Irradiance distributions in the focal plane for parabolic frame
configurations, as compared to a continuous paraboloid.
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Fig. 4. Irradiance distribution in the focal plane for spherical frame
configurations, as compared to a continuous paraboloid.
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Fig. 5. Irradiance distribution in the focal plane for flat frame configu-
rations, as compared to a continuous paraboloid.

tration. However, this results means just that the flux
distribution produced by the flat frame is flatter than the
others, resembling more closely the sunshape, but with
smaller peak irradiance. The differences come probably
from the fact that in the flat configuration the facets are
on the average much farther apart from the focus than in
the spherical or parabolic ones. This results in longer prop-
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Fig. 6. Irradiance distribution in the focal plane for different frame
configurations, with five groups of focal distances, as compared to a
continuous paraboloid.
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Fig. 7. Fraction of power intercepted by a flat target as a function of its
radius, for the different configurations under study.

agation distances for the reflected solar cones and, conse-
quently, more spread of the image, reducing the peak flux.
Nevertheless, in the spherical and parabolic frames the
most external facets are more tilted with respect to the opti-
cal axis than in the flat configurations, producing more
elliptical images (spread only in one of the axes). As a con-
sequence, the images produced by these configurations
have longer limbs, even though the peak of concentration
is not so strongly reduced as in the flat case.

Again in Fig. 7 we can seen that is very hard to distin-
guish between cases E1, E2, P1 and P2, as they largely
overlap in the whole interval. The four configurations have
very good performance. Of course, as pointed out above,
none of the faceted configurations is as good as a continu-
ous paraboloid, which produces more concentrated power
for any given radius than the other configurations. The
approximation to a continuous paraboloid by faceted con-
centrators improves steadily as the number of facets
increases, as has been pointed out elsewhere (Riveros-
Rosas et al., 2008, submitted for publication), but a higher
number of smaller facets would be unpractical for the fab-
rication of the furnace.

According to the above results, it was determined that
the case E2, spherical frame with tilted facets grouped in
five different sets of focal distances is an adequate option.
The next step consisted in studying the effect of the curva-
ture radius of this frame. It was considered that a smaller
radius could improve the concentration by reducing the
distance travelled by the reflected solar cones, therefore
limiting the spread of the solar image. In Fig. 8 the varia-
tion of peak concentration with curvature radius is pre-
sented. It is observed that the best concentration is
obtained for curvature radius between 500 and 550 cm.
However, the concentration factor for the studied cases
has a maximum variation of only 1.3%. On the other hand,
the rim angle of the concentrator increases considerably as
the radius of curvature is reduced. A large rim angle may
result inconvenient for the implementation of receivers in
the focal zone, due to the large incidence angles of radia-
tion, as illustrated in Fig. 9. Therefore, there seems to be
very little to be gained from the reduction of the radius,
and there are potential problems with this. A radius of
7.5m was fixed for the following simulations, giving a
effective focal distance of 3.68 m.

The next study was to analyze the effects of optical
errors in the performance of the concentrator. For this pur-
pose, the E2 configuration was considered. Reflectivity was
taken as 0.81 and focal distances according to the previ-
ously described sets. In Fig. 10 the results are presented
for peak concentration, average concentration, and spot
radius (for 90% collected power). We can see that with val-
ues of the optical error between 3 and 4 mrad, the peak
concentration is between 15,000 and 10,500 suns, while
spot radius would be between 4 and 5 cm. So, a maximum
optical error of around 4 mrad is required to meet the
design targets initially established for the solar furnace.
This result does not take in account the shadowing by
objects in the focal zone and the shutter structure.

33400 -
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33200 §
33100 §
33000 4

32900 4

Peak flux, KW/m?

32800 A

32700 A

32600

300 400 500 600 700 800
Curvature radius, cm

Fig. 8. Variation of peak concentration with the focal distance of the
concentrator, for the E2 configuration.
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Fig. 9. Layout of the E2 configuration, with different curvature radii of the frame; (a) 4 m, (b) 5 m, and (c) 6 m.

In spite of the above remarks about the little influence of
the radius of curvature of the frame on the peak concentra-
tion, it has been found that optical errors modify not only
the concentration factor but also other characteristics of a
faceted concentrator, like the optimal focal distance (River-
os-Rosas et al., 2008, submitted for publication). There-
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Fig. 10. Peak and average radiative flux, and radius of the spot on a flat
receiver as a function of optical error.
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Fig. 11. Average irradiance on the receiver (90% collection) for different
focal distances and optical errors. Dashed line, selected focal distance.

fore, the radius of curvature of the frame was again
varied when studying the effect of optical errors. In
Fig. 11, the average irradiance values for different focal dis-
tances and optical errors are presented, for a configuration
of the type E2.
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As can be seen from Fig. 11, even though there is a
dependence of the optimal focal distance with optical error,
the variation is not sharp. The previously selected focal dis-
tance of 3.68 m is well within the optimal range for the
errors considered.

From all the above analysis, the final configuration cho-
sen is a spherical frame with curvature radius equal to
7.36 m, and facets of five different focal distances, as illus-
trated in Fig. 12 and Table 2, giving an effective focal dis-
tance of 3.68 m. This configuration should be able to
achieve a peak solar concentration of 10,500 suns and a
spot radius of 5 cm, if optical errors are kept below 4 mrad.

Finally, note that the last group of mirrors (the E group)
is formed by only 12 facets. In order to simplify the con-
struction of the system, the focal length of this group can
be made equal to that of group D, without important loss
in performance.

It must be pointed out, that the optical error consid-
ered in the discussions above is the global error of the
system. This includes the alignment and surface errors
of the facets, but also the alignment, surface, curvature,
and tracking errors of the heliostat. Therefore, the upper
bound of 4 mrad must accommodate for all of these
effects.

Actually, the type of concentrating facets considered can
be fabricated with very high accuracy, resulting in a surface

Vertical axis, m

Fig. 12. Distribution of the facets of the concentrator with spherical frame
in groups of equal focal distance.

Table 2
Groups of focal distances considered for the case E2.

Group Focal distance (m) Number of facets
A 3.75 85
B 4.00 126
C 4.25 130
D 4.50 56
E 4.75 12

error very close to zero, as preliminary results show. Also,
accurate alignment procedures are being developed for the
facets of the concentrator, based both on the Ronchi opti-
cal test and on the use of a 3D coordinate measuring sys-
tem. Therefore, it can be expected that the optical error
of the concentrator can be negligible as compared to errors
associated with the heliostat.

In the heliostat, tracking errors bellow 1 mrad can be
achieved, and the intrinsic surface errors from the reflecting
material are also small. The main sources of error are
therefore expected to come from the flatness of facets, their
alignment, and in general, from mechanical deformations
during tracking. A specific heliostat mechanical design is
in process, where the target is to minimize all these errors.

5. Conclusions

The design of the HRFSF aims to create a high quality
infrastructure for research in solar concentration systems
in Mexico. The design considers a faceted concentrator,
formed by 409 hexagonal first surface polished glass mir-
rors. The mirrors will be attached to a frame of spherical
curvature. Ray tracing results indicate that there is very
little difference in optical performance between a para-
bolic and a spherical frame, but the latter may be easier
to fabricate. It was found that it is not convenient to
use mirrors of equal focal distances, mounted tangent to
the frame curvature. Instead, each mirror should have
its own focal distance and tilting angle with respect to
the frame. This helps compensating for the optical aberra-
tions. It was found that grouping the mirrors in five sets
of equal focal distances gives very good results. Also, the
effect of optical errors was investigated. It was found that
error must be kept below 4 mrad to reach the design
targets.
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