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ABSTRACT

We report on the status of an on-going project for the realization of two prime focus imaging cameras for the Large
Binocular Telescope. Each channel is optimized for a specific wavelength range, namely the blue and the red portions
of the visible spectrum. One of the most challenging parts of the instrument, concerning optical design and mounting
issues, is represented by the optical correctors required to balance the aberrations induced by the parabolic primary
mirrors, over a 0.5 degree full field of view.
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1. INTRODUCTION
Many astronomical applications, such as multi-wavelength surveys, require wide-field imaging of faint targets. A
suitable instrument for this purpose is a camera placed at the prime focus of a large telescope: in this configuration it is
possible to exploit the large available field of view and, thanks to the fast incoming beam, reach faint brightness levels
in a remarkably short exposure time. The major drawback of a prime focus configuration is the need for an optical
corrector to compensate the aberrations introduced by the primary mirror, which is usually optimized to yield good
image quality when combined with a secondary mirror, for instance in a Ritchey-Chretienne design1'2.
The Large Binocular Telescope3 (LBT) has the unique feature of two 8.4m primary mirrors in a Gregorian
configuration, with very fast focal ratio (F/i .14), mounted on the same mechanical pointing system. These properties
offer the possibility to place two fast and efficient imaging instruments at the prime focus of the mirrors, which may
observe the same field simultaneously in different wavelength bands. On the other hand the large size and parabolic
shape ofthe LBT primary mirrors make the design ofthe optical correctors rather challenging.
The Double Prime Focus Corrector project4'5 involves three Italian astronomical institutions: the Astronomical
Observatory of Roma (P1 E. Giallongo - general management and focal plane instrumentation), the Observatory of
Padova (PT R. Ragazzoni - optical and mechanical design and optics integration) and the Observatory of Trieste (P1 F.
Pasian - data storage and pipeline). Three firms have been involved up to now for the opto-mechanical parts: ADS-
International (mechanical design), Coming (blanks procurement) and Sagem-Reosc (grinding, polishing and coating of
optics). The project goal is to realize two imaging instruments, optimized for observations in the blue and the red
portions of the visible spectrum. The blue channel, designed for the U and B bands, is in an advanced realization phase,
whereas the red channel, optimized for the V, R, I, Z bands, is still in a study phase. In this paper we discuss the optical
and mechanical design of the blue channel corrector, along with the specifications and the integration procedures
required to achieve the desired image quality.

2. OPTICAL DESIGN AND PERFORMANCE
The major difficulties in the design of a prime focus corrector for the LBT are represented by the focal ratio of the
primary mirror (F/i .14), the large telescope diameter (8.4m) and the parabolic shape of the mirror6. The blue channel
design (Figure 1) can be described as a modification of the Wynne approach7. The latter consists of three lenses,
basically correcting spherical aberration, coma and field curvature. In our design the second and third lenses are split
into two elements. Due to the size of the primary mirror (Ml), the largest lens of the corrector has a considerable
diameter (8iOmm), so that the overall cost of the blanks is essentialy driven by this lens. An alternative design has
been considered, with a smaller lens, but the optical performance was not acceptable for our purposes. An additional
lens has been added to the design; it is a positive meniscus with aimost no net power, representing the window of the
cryostat for the CCD. Two filter wheels will be placed between the last two lenses; both narrow and broad band filters
will be available, including the Johnson U and B filters. All the lenses are in fused silica, which ensures high throughput
in the wavelength range of interest. The optical surfaces are spherical or plane, except lens 3 (L3) featuring an
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aspherical surface on the concave side (Figure 1). This surface is actually ellipsoidic and presents a departure from the
best fit sphere of7OOim at the edge; its polishing has a major impact on the whole cost ofthe lenses manufacturing.

Figure 1. Prime focus corrector optical design (2D layout and solid model). The design includes six lenses and a plane
filter, placed between the last two lenses. Lens 6 is actually the cryostat window. All the elements are in fused silica.
The third lens form the left has an aspheric surface, whereas all the other lenses have spherical or plane surfaces. The
lenses are arranged in a +——+++power configuration, a modification of the +—+ Wynne design.

ø.øae
10 ACMIN

FOCUS IN MILLIMETERS I I

Figure 2. Optical performance of prime focus corrector. Top left: polychromatic ensquared energy plot, showing the
fraction of geometric energy ensquared in a box of given size, as a function of the box size itself. Top right:
polychromatic spot diagrams for different field angles (00, 0.15°, 0.25°); the spot size is roughly 10 times larger than the
Airy disk, indicating that the optics are not diffraction limited. The instrument PSF will have to be convolved by the
seeing disk, which will dominate the final PSF width. Bottom left: dependence of spot size on focusing error for
different field angles (00, 0.15°, 0.25°). Bottom right: distortion pattern, magnified 5x ; the geometric distortion is
defined here as the percentage error between the actual image position and the image position predicted according to
paraxial theory. The maximum distortion at the field edge is 1 .8%. The distortion pattern is very stable with respect to
misalignment errors and it can be accurately modeled, in order to take the distortion effects into account in the
calibration ofthe images.
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The optical design does not include an Atmospheric Dispersion Corrector (ADC), although this feature has been
studied. This choice is related to the scientific use of the instrument, that is designed to observe in the blue portion of
the visible spectrum, both in narrow and wide bands. Narrow-band observations are not affected by the atmospheric
dispersion, which becomes non-negligible only in wide-band light and at large zenith distances, corresponding to large
airmass. But in the latter conditions the photometric efficiency is very low, especially in the U band, and it is likely that
the instrument will not be used at such elevations. Furthermore an ADC would be made of glasses with low throughput
in the blue and near ultraviolet and it would be desirable to remove it when observing near the zenith, in order to have
higher efficiency. Of course the ADC should be replaced by an additional lens, to compensate the induced aberrations,
thus increasing the design complexity. In a few words, an ADC would be useful only when observing at large zenith
distances, i.e. in a special observing condition, and at the price of an increased complexity. For these reasons it has not
been implemented.
The design has been optimized first in a broad wavelength range, including the Johnson U and B bands, then it has been
optimized separately in U and B, changing only the filter thickness and the distance between the primary mirror (Ml)
and the corrector first lens (Li): adjusting this distance actually represents the focusing method that will be adopted at
the telescope. The system is characterized by a very fast output beam (F/l.46) covering a 0.5°unvignetted field. The
image plane accommodates an array of four 4Kx2K CCDs with a i3.5tm pixel size, corresponding to a scale of
O.228arcsec/pixel: this plate scale allows Nyquist sampling of the seeing disk even under the best atmospheric
conditions at the telescope site. The fraction of energy ensquared in one pixel is 9O% in the U band and slightly less
than 80% in the B band; these figures are not defmitive and some balancing between U and B can still be achieved.
Details on the optical performance and quality are shown in Figure 2.
An important topic is the dependence of the image quality on the telescope performance, namely the focusing,
accomplished by moving the primary mirror. As can be seen in Figure 2, the spot size is very sensitive to any focusing
error and frequent refocusing is likely to be necessary. Another issue is the manufacturing error on the conic constant of
Ml ; the 3-cr error should be (J where the conic constant is defmed according to Schroeder'. The effect of this
error on the imaging performance has been temptatively evaluated replacing the extreme values of the constant in the
optical design and re-optimizing the distances between the first five lenses. The fmal performance is comparable to the
nominal one, with 80% of the energy included in less than one pixel in the U band and in slightly more than one pixel
(1 . 1 - 1 .2 pixel) in the B band. This evaluation procedure does not account for the measurement error of the conic
constant (see also Section 4), which should be however much smaller than the quoted figures.

3. BLANK SPECIFICATIONS
The fused silica blanks have been produced by Corning, according to very tight specifications. The first requirement
concerns the refractive index homogeneity, to be kept at a very high level in order to prevent image blurring; in practice
the best achievable homogeneity has been requested, ranging from 2x106 for blank 1 to 1x106 for blanks 3, 4, 5, 6. The
refractive index has been measured by an interferometric test (Figure 3, left).

Figure 3. Blank specifications. Left: the refractive index inhomogeneity has been measured by interferometric tests.
The largest blank (85Omm diameter), has been measured in five shots, each one covering an area equal to the dashed
circles. The index inhomogeneity in the five regions ranges from 9.9x iO to 1 .7x 1 06, however smaller than the
requested value of 2x106. Right: light scattering produced by bubbles; the scattered light produces a spurious
background illumination on the image plane, which degrades the contrast.

A second important requirement is related to the bubbles, which might scatter the incident light and produce a spurious
background illumination on the image plane (Figure 3, right). The most important part in this respect is blank 1, due to
its large volume: for this element a bubble cross section smaller than 0.25mm2 per 100 cm3 of glass has been achieved.
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With this figure the scattered light for a mag = 0 star has a surface brightness of 29.2magxarcsec2, which has to be
added to the natural sky background. Assuming a natural sky bightness of 2 lmagxarcsec2, the resulting background
level is only marginally brighter than the natural one, by an amount indistinguishable from the sky fluctuations due to
photon noise in a reasonably long exposure time.
The blanks have a cylindrical shape, except the largest one which has been sagged (Figure 4), in order to make the
grinding easier. The sagging has been accomplished by a thermal process, heating and then cooling down the blank
placed on a curved support. This process has been applied after the refractive index measurement and might have
introduced some unknown refractive index inhomogeneities. These inhomogeneities, however, are known to occur on
large spatial scales, producing low order aberrations which could be corrected by the active optics of the LBT primary
minor.

H- ••• 1a n

Figure 4. Different steps of the manufacturing of blank 1. Left: original cylindrical part. Center: the blank has been
sagged by heating on a curved support. Right: the blank has been annealed, i.e. treated by a thermal process to improve
the workability of the material.

4. POLISHING AND COATING SPECIFICATIONS
Sagem-Reosc is the company in charge of grinding, polishing and coating the lenses. The manufacturing process is in
an advanced phase (Figure 5). The original optical design of the prime focus corrector has been modified in order to
match the curvature radii of the spherical lenses to a standard test plate list provided by the company. This strategy
ensures very small manufacturing and measuring errors (Table 1). The re-optimization ofthe design has been performed
according to the following algorithm:. select "next" radius to be replaced with the nearest standard value;. optimize all the remaining radii still to be replaced and the distances between the lenses.
The two steps above have been iterated until all the radii have been replaced with standard values. Different criteria
have been adopted to select the "next" radius to be replaced, namely
a) the radius with the largest error from the nearest standard value;
b) the radius with the smallest error from the nearest standard value;
c) the shortest radius among the remaining ones;
d) the longest radius among the remaining ones.
Two figures of merit have been adopted to identify the best design among the four cases above: the percentage of
energy ensquared within one pixel and the uniformity of this figure for different field angles. Strategy c) has given the
best result: the final optical performance is substantially equal to the original one.
The parameters (curvature radii and conical constant) of the lenses will be slightly different from the nominal ones,
because of unavoidable manufacturing errors. The measured values, that will be used for the final optimization of the
optical performance before mounting the lenses in their fmal position, will be affected by errors as well (Table 1). The
effect ofthese uncertainties on the imaging performance has been evaluated by the following procedure:
. generate true and measured values ofthe lens parameters, according to the expected errors (Table 1);
. replace measured values in the design and optimize the distances between the lenses and between Ml and L 1;
S replace the true values of the lenses and optimize only the distance between Ml and Li.
According to the tests done up to now, the final imaging performance is always comparable to the nominal one, with
80% ofthe ensquared energy within 1.4.1 pixel.
A very important topic related to lens coatings is the residual reflectivity of the surfaces (Table 2). Given the very high
internal transmittance of fused silica in the wavelength range of interest, the optical throughput of the instrument will be
determined essentially by the coating efficiency. According to the values reported in Table 2, the throughput should be
84%.
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Figure 5. Lens 3 after generation of the aspheric surface. The rear surface is flat. The polishing of the aspheric surface
is not performed by single-point machining, but by a more sophisticated technique to prevent ringing artifacts which
would degrade the optical quality.

Phase Curvature radius Conical constant
Manufacturing
Measurement on sag i0

Table 1. Manufacturing and measurement errors for lens parameters, including curvature radii and conical constant.

Lens Front surface Rear surface
1 1.6 0.9
2 0.8 0.9
3 0.6 0.8
4 0.6 0.6
5 1.3 0.6
6 0.6 0.6

Table 2. Approximate percent reflectivity of coated lenses. The values reported here are averaged over various
incidence angles.

A second issue related to the residual reflectivity of the surfaces are ghost reflections, which produce unwanted images
on the detector plane. If the coated surfaces had zero residual reflectivity, no ghost reflection would occur. In practice,
with a residual reflectivity 1%, each double reflection reprocess roughly i0 of the incident light, possibly producing a
spurious illumination of the image plane. Given the reflectivity of the coated surfaces, only double reflections are
significant in our case: higher order reflections are at least 4 order of magnitudes less efficient.
In the case of a point-like source, for instance a star, each double reflection produces a ghost image of the source which
is generally out-of-focus on the nominal image plane.
Figure 6 shows the results of a detailed ray-tracing computation aimed at evaluating the surface brightness of the
spurious image produced by each ghost reflection. For not too bright stars, only a few ghost reflections give an
observable surface brightness. In these cases it is very easy to compute by ray-tracing the position and diameter of the
ghost image for a pre-fixed sample of star positions in the field of view; these "measurement" may then be used to
predict the ghost position and diameter for any position in the field of view of the star producing the ghosts. This
provides a very simple method to flag the image regions that might be corrupted by ghosts ofpoint-like sources.
Ghost reflections involve not only point-like sources, but also the sky background. Any surface brightness
inhomogeneity on the ghost image of the sky is potentially dangerous for the flat-fielding accuracy. The effect has been
evaluated by ray-tracing (Figure 7). According to our preliminary calculations, the relative intensity variation over the
ghost image is not observable under normal observing conditions, because it corresponds to an intensity modulation
smaller than the read-out-noise level. In quite special observing conditions, however, the sky ghost intensity variations
might be noticeable. At least two backup solutions are possible. Some of the most relevant ghosts, for instance, can be
almost completely eliminated by placing small obscuring disks in the rear of some lenses, at the expense of an
additional vignetting. Furthermore some optimization of the anti-reflective coatings might help in balancing the effect
of the various ghost reflections and achieve a more uniform image illumination.
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lens

focus

Figure 6. Ghost images of point-like sources. Left: the beam resulting from a double reflection is characterized by a
focus, which is generally displaced from the nominal image plane; the result of the ghost reflection on the image plane
is a defocused image of the pupil, possibly vignetted by some lens. Right: average surface brightness (in magxarcsec2)
for each ghost image, normalized to an input brightness corresponding to a mag =0 star. The rows in the matrix denote
the first surface producing a given ghost reflection, whereas the columns correspond to the second surface. The row
subscripts range from 4 (front surface of lens 2) to 16 (CCD); the columns range from 2 (front surface of lens 1) to 15
(rear surface of lens 6); surface 1, the primary mirror, is not considered here because it does not produce any significant
ghost reflection. The most significant ghost image has surface brightness 20.2magxarcsec2 and is produced by the
double reflection between surface 15 (the rear surface of lens 6) and surface 10 (the front surface of lens 5).
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Figure 7. Ghost reflections of sky background. In general the ghost image of the sky produced by the double reflection
between two surfaces presents some brightness inhomogeneity. Two important features in this respect are the standard
deviation of the surface brightness (left panel) and the efficiency of the ghost reflection, represented by the fraction of
light which actually reaches the image plane. The efficiency is essentially determined by the reflectivity of the involved
surfaces and by vignetting effects. All the ghost images of the sky, weighted by the corresponding efficiency, have been
summed, yielding the overall surface brightness of the sky ghost image, shown in the right panel.
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5. LENS MOUNTING
The main issues related to lens mounting are the stiffness of the supports to fulfill the alignment specifications (Section
6) and the mechanical decoupling between the lenses and their support. The lenses are subjected to mechanical
deformations induced by gravity loads, depending on the telescope elevation, and thermal loads, due to the different
thermal behavior between the glass and the supports. In order to overcome these troubles, each lens is placed into an
INVAR cell, which ensures the decoupling from the outer steel structure. The decoupling of the lens from the INVAR
frame is accomplished by means of pads of RTV, an elastomer with high thermal expansion coefficient; the basic
mounting scheme is illustrated in Figure 8, left. For lenses 2 through 5,a scheme with 3 axial and 3 radial pads ensures
an RMS deformation of the lens surface of 5Onm or less, even in the worst gravity load conditions.

Figure 8. Left: basic mounting scheme of lenses. Each lens is placed into an INVAR cell; the thermal and mechanical
decoupling between glass and IINVAR is accomplished by means of axial and radial RTV pads. The lens + cell element
is fixed to a flange attached to the steel hub. This scheme is not suitable for the largest lens (see also Figure 9), which
requires a more sophisticate mounting scheme; an example (right) is the 6-point support realized by means of a tree
levering system, similar to that used for telescope mirrors.

Figure 9. Left: surface deformation of lens 1 with a 3-point axial support (206nm RMS). Right: deformation with an
ideal 6-point axial support (28nm RMS).

The 3-points axial support is insufficient for the largest lens, where the RMS deformation is 2OOnm, much larger than
the goal of 5Onm RMS (Figure 9). Different axial mounting schemes have been investigated for Li and are described in
the following. Mounting problems for lenses of similar size have been described by Fata & Fabricant8.
One of the simplest solutions is a continuous RTVpad, i.e. a continuous rim of soft elastomer around the lens edge. This
is not isostatic, but it ensures that the stresses are minimized. Deformations of the supporting device translates into non-
uniformities on the stress around the lens, which should however exhibit in a smooth form around the circumference of
the lens. The position ofthe lens depends on the rigidity ofthe frame.
A similar solution is a set of 24 equally spaced RTVpads. This option is interesting because it allows the adjustement of
each single pad during the mounting phase. Loads distribution is close to the continuous solution, with the difference
that the detailed adjustment ofthe forces can be made by careful levelling ofthe pads. However, as in the previous case,
the position of the lens and the loads depends upon the rigidity of the frame.
This drawback can be partially overcome using 3 hardpoints + 21 weakpads. The position of the lens is assured by
three points with high rigidity, while loads are imposed by weak pads. The latter, working on a very large excursion
range, can be made with a tolerance to frame deformation as large as required. However, the loads of the weak pads,
essentially of elastic nature, are driven by the space between the lens and the frame, essentially unchanged during
different attitude positions of the instrument, while the load on the rigid points will depend on the cosine of the zenith
distance. Optimization can be imposed for a given elevation angle and reasonable values can be obtained within a given
range. In any case there will exist a minimum angle below which the lens is pushed back outside from its usual support.
This requires an extra-constraint on its back and one is faced with the trade off to impose a pre-loading, with an evident

flange

INVAR cell

RTV pad
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effect on the overall loading, or to allow for a tiny axial displacement between any zenith-horizontal-zenith operation of
the telescope (required, for istance, to reload the LN2 tank of the cryogenic system).
A solution completely different from all the previous ones is a 3x2 tree levering support, resembling any mirror back
support, with the difference that this can be actuated only at the lens edge (Figure 8, right). It can be accomplished by a
rigid flexure system without any bearing device, allowing to have essentially zero backlash in the supporting system.
The position stability should be excellent. The levering system, however, deploy in a circular manner around the lens
and allows for an unwanted opening, that requires the introduction of blades able to assure that no radial forces are
introduced on the levering system itself. Such blades should exhibit at least two degrees of freedom translating into an
overall complex design both to be manufactured and mounted.
Probably the best compromise between effectiveness and complexity is an axial supporting system made of 3 hard
points and 3 to 6 astatic levers. In this case both the three hard points and the astatic levers introduce the same load,
independently upon the zenith distance. Position is fixed by the three hard points. Sensitivity to deformation of the cells
frame, being within the range of astaticity of the levers, can be kept as small as desired. Complexity is susbstantially
larger than any RTV based solution, but it is significantly smaller than the previous one. Moreover it can be easily
scaled to a different number and/or arrangement of non-rigid points, so that we have left open the 3+3 vs. 3+6 case as a
trade-offwith the mechanical complexity ofthe fmal cell design.

6. OPTICAL ALIGNMENT
The last issue addressed in this paper are the alignment procedures for the integration of the optics. A preliminary
analysis has been performed to assess the alignment tolerances that must be fulfilled in order to have a reasonable (e.g.
1 0%) performance degradation, in terms of RMS spot size. In this tolerance evaluation, the distance between the
primary mirror and the prime focus corrector has been used as a compensator to re-optimize the performance. In general
the tolerances become looser and looser towards the image plane. The tightest tolerance on decenter is on
L2, the loosest on L6, the cryostat window. The tightest tolerance on tilt is on Li, whereas the filter,
a quite critical element in this respect because it will be replaced frequently, has a loose tolerance of The
tightest tolerance on the axial displacement at the edge of a lens due to tilt errors is on L3. The tolerances are
computed for each element individually and the combined effect is evaluated assuming the errors are independent. The
actual degradation may be slightly larger and has been evaluated with a Monte Carlo analysis; according to this test, the
performance degradation is 17% in 90% of the cases and 8% in 50% of the cases.

Figure 10. Optical axis determination. A suitable choice is represented by the mechanical axis of the derotator bearing,
which is materialized here by a laser beam. The first step is to identify the center of the bearing (left panel). A CCD is
placed approximately at the center of the bearing and illuminated by the laser beam, which is adjusted until the spot
position on the CCD reference frame does not depend on the bearing rotation. The second step (right panel) is the
alignment of the laser with the axis of the bearing. The CCD is replaced by a mirror, which is adjusted until the
autocollimation angle does not depend on the bearing rotation; then the laser is adjusted until 0. In practice it
might be necessary to iterate these two steps to convergence.

CCD

derotator bearing
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Figure 1 1. Mechanical alignment of a lens with respect to its INVAR cell. This procedure allows measurement and
correction of tilt errors.

Figure 12. Ghost reflections of the laser beam off the rear (top) and front (bottom) surface of lens 1 . The reflected
beams appear to originate from two virtual sources and produce interference fringes, whose light distribution is related
to misalignment errors of the considered lens with respect to the laser beam direction.

After assessing the required alignment accuracy, the first step is the selection of the optical axis. A suitable choice is
represented by the mechanical axis of the derotator bearing, which may be materialized by a laser beam (Figure 10).
Then the optical axis of each lens must be aligned with the instrument optical axis, in order to keep tilt and decenter
errors within the specified tolerances. As described in the previous Section, each lens is basically mounted into an
INVAR cell, which is then fixed to the hub. The alignment procedure may be split in two separate steps, following the
mounting scheme. When the lens is placed into its cell on the bench, it can be aligned, concerning tilt errors; according
to the tolerance analysis, the tightest tolerance on edge tilt is of order of 0.02mm and, therefore, can be measured by
mechanical methods, for instance by a comparator (Figure 1 1). When the cell is fixed to the hub, the tilt alignment of
the lens with the instrument optical axis should be ensured by the mechanical mounting of the cell. The remaining
decenter error may be measured and then corrected referring to the laser beam which defmes the optical axis. In
particular, the ghost reflections of the laser beam on the lens surfaces produce interference effects, as described in
Figure 12. The shape of the resulting Newton rings, shown in Figure 13, can be used to detect decentering (and also
residual tilt) errors. Of course the cell containing the lens must be fixed to the hub by means of a temporary mount, in
order to be able to shift the element perpendicularly to the optical axis and correct decentering errors. When the element

7

interfering beam from rear surface oflens 1

interfering beam from front surface oflens 1

I
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is aligned, a new lens is mounted. It should be stressed that the laser beam materializing the optical axis crosses all the
lenses mounted up to a given point. In this way the misalignment errors are not independent and we may state that the
alignment of each lens tends to correct the alignment errors on the previous lenses. The interferometric measurement of
decenter, of course, is sensitive also to residual tilt errors and some trial and error might be necessary for proper
alignment.

::,:.:..:::..'1.::.:.:

Figure 13. Newton rings for various misalignment errors of a given lens. Top: the lens is perfectly aligned with respect
to the optical axis, represented by the laser beam, and the intereference pattern consists of a system of concentric rings,
centered on the axis. Center: the lens optical axis is decentered and the interference pattern is laterally shifted. Bottom:
the lens axis is tilted and the interference fringes are arcs of concentric circles.

7. CONCLUSIONS
The Blue channel of the Double Prime Focus Corrector for LBT is in an advanced realization phase. All the fused silica
blanks have been delivered by Corning and the grinding/polishing process has been started at Sagem-Reosc. The fmal
delivery of the coated lenses is forseen on late 2001, then the instrument will be integrated and aligned.
The Red channel has recently passed the preliminary design review (April 2001); the optical and mechanical design of
this corrector is very similar to the Blue channel, the major difference being the choice of the glass: for the Red
corrector we have replaced fused silica with BK7, which has slightly better performance in the red portion of the visible
spectrum and is cheaper. The Red channel project contracts should be issued around mid 2001.
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