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1  Scope

This document presents the top level optical design for the Prime Focus Imaging
Spectrograph.  The following subsystems are described in more detail in the following
Subsystem Design or Trade Study Documents:

Detector Subsystem Design Study

Grating and Filter Trade Study

Etalon and Filter Trade Study

Polarimetric Optics Design Study

Slitmask Factory Study

2  Design Procedure

The optical design was modeled using the ZEMAX optical CAD package, version 10 -
EE.

2.1 SALT Telescope model

The input for the optical system started with a ZEMAX model of the telescope and
Spherical Aberration Corrector (�SAC�) provided by the SALT project.  The PDR
baseline design described here uses the SAC specification for an 11m telescope pupil at
F/4.2, and an eight arcmin field of view.  The telescope focal plane is flat, and the
entrance pupil is 586 mm from the focal plane.  Since the spectrograph is designed to be
able to use slits that are smaller than the seeing disk, it was designed for best imaging of
the slit, not the sky, so that the aberrations of the SAC were deliberately ignored.  To
facilitate this, a �perfect� telescope/ SAC model was constructed using ZEMAX paraxial
elements having the same effective focal length, F/ratio, and entrance pupil size and
position as the actual SAC, but with perfect imaging.  It was also important to model the
SAC vignetting of the marginal rays as a function of field angle, since this fortuitously
reduces element diameters and considerably reduces the �waist� of the collimated beam. 
This was done using ZEMAX �vignetting factors�.

2.2 Design goals

The rationale behind the design goals listed in the Instrument Description is described
below

� Coverage 320 - 900 nm.  Maintain simultaneous IR beam (850 nm - 1.7:) upgrade
possibility.  

There was a strong desire within the consortium to have coverage down to the
atmospheric limit at the Prime Focus.  At the same time, there is a strong desire for a near
IR instrument.  Given space and weight constraints, these would have to have a common
collimator.  This seems feasible, if one uses very broadband Solgel coatings in the
common optics (see Coatings below).  The IR beam should be sub-thermal (wavelengths
less than 1.7:) because the telescope is not optimized to minimize thermal emissivity. 
The visible- IR break should be about 850 nm since that is where the efficiency curves of
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CCD and HgCdTe IR detectors cross.  Since there is no room for a third beam, the visible
beam should cover all wavelengths below 850 nm.  The original specification called for
320 - 850 nm for the visible beam,  This was stretched to 900 nm to cover the CaII triplet
and to allow for some overlap with the future IR beam.  The UNC SOAR spectrograph
covers 320 - 850 nm with conventional coatings, but requires NaCl elements for good
color correction.  This spectrograph was used as a starting point for the visible beam
optics.

� All- transmission optics for high efficiency and compactness; all surfaces spherical.

The highest possible transmission is a general goal for this instrument.  The gain in
compactness comes from avoiding the wasted collimated beam space required with a
reflective collimator, and from the use of transmission gratings.  Also, a reflective camera
would introduce vignetting after the polarizing beam-splitter, which greatly compromises
polarimetric precision.  Given the large number of elements in the design, requiring all
spherical surfaces serves to reduce the risk.

� UV Crystals and fused silica only, for 320 nm throughput.

This is required for good UV throughput.

� Beam size 150 mm, the maximum for practical Fabry-Perot etalons.

A major goal of the instrument is the highest possible first-order spectral resolution.  For a
grating spectrograph at Littrow, the resolution in first order is given by 

R = (2 tan 2i / 2s) (d/D)

where 2i is the grating tilt, 2s is the slit width, d is the beam diameter, and D is the primary
mirror diameter. With D fixed, the maximum grating tilt fixed by mechanical constraints,
and the minimum slit width set by the seeing, the only free parameter is the beam
diameter. (Similar arguments apply to Fabry-Perot, where d/D is the parameter which
fixes the angular size of the "bullseye", where the wavelength is constant to within the
etalon resolution).  The practical limiting beam diameter is set by the maximum diameter
available etalons of 150 mm.  We have chosen the beam to be 150 mm, so that there is
some vignetting at the edge of the field for the Fabry-Perot.  VPH gratings are available in
larger sizes, so that in grating mode there will be no vignetting.

� Images < 0.30 arcsec in the dispersion direction over the full wavelength range without
refocus.  

The specification is called out formally in the FPRD: 50% enclosed energy in a slit 0.3
arcsec wide in the direction of the dispersion, and 50% enclosed energy in a circle 0.4
arcsec in diameter.  The tightest imaging requirements are in spectroscopic mode with a
reduced slit, so the "enslitted energy" is a more appropriate specification.  Since the field
of view in spectroscopic mode is not symmetric, some astigmatism can be tolerated
perpendicular to the dispersion with this method of optimization.  For grating
spectroscopy with a 0.5 arcsec slit, the slit image is degraded by no more than 17%.  The
encircled energy specification is appropriate for imaging without a slit. The median SALT
seeing has 50% enclosed energy in a 0.9 arcsec circle.  For imaging, the median  image is
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Figure 1.  PFIS Optical Layout.  () = removable.

degraded by no more than 9%.  These
specifications include the optics as
designed, plus manufacturing errors
and alignment errors.  The
specification is monochromatic: the
design will allows lateral color (about 1
arcsec currently), since it is assumed
that broadband imaging will be
performed by the SALT scientific
grade acquisition camera. 

3 Optics Subsystems

The current PFIS optical design
concept is shown in Figure 1 (repeated
from the Instrument Description). 
Here we describe the design
proceeding from the detector
backwards along the beam.

3.1 Detector

The detector geometry was chosen
based on issues of sampling and CCD
availability.  The fastest affordable
refractive UV camera was judged to be
F/2.2.  For an 11m telescope, the 8
arcmin SALT field is then 56 mm
across, which almost fills the long
dimension (61 mm) of the most
common modern 2048 x 4096 , 13.5 -
15 micron pixel CCDs.  A mosaic of
two of these chips is often chosen, but
another factor to consider is the
number of spectral resolution elements. 
For slit matching the median SALT seeing of 0.9 arcsec, there are 533 spatial resolution
elements, and a square array would provide only 580 resolution elements for grating
spectroscopy.  This is well short of the number of spectral resolution elements on large
telescope slit spectrographs, which are in the range 800 -1200.  Since simultaneous
resolution elements define the multiplex advantage of a spectrograph, it was felt that this
number should be competitive, so that a 3 mosaic, with the long dimension in the
dispersion direction, was baselined.

The baseline CCD chosen (see Detector Subsystem Design Study) is a mosaic of three
Marconi/ EEV 42-82 (2048×4096 15: pixels) chips, for a total of 6144×4096 pixels (95
×61 mm).   For an F/2.2 camera, the pixels are 0.13 arcsec, so that the 0.9 arcsec seeing
disk is critically sampled for 2×2 binning, and a 0.5 arcsec slit is critically sampled for
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unbinned readout. The number of 0.9 arcsec spectral resolution elements is 875. 

3.2  Camera

An unavoidable result of the length of the detector is a rather large camera field of view,
18°.   More typical spectrograph cameras are in the range 14 - 16°, so this is a design
driver.  The large wavelength range is another design driver.   The starting design took
elements from the SOAR Goodman spectrograph of Harland Epps; this camera has a
similar wavelength range, but only a 10.4° FOV.  The use of NaCl triplets is notable in
this design.  Another source was the Epps camera for the Keck LRIS-B, which has a
smaller wavelength range but an FOV of 14.6.   The current design has 12 elements in 5
groups (See Figure 2, Appendix A for detail).  The first element is a large fused silica/
FK5 glass doublet.  FK5 is the only optical glass used in the design; it is the best UV
transmitting glass, having an internal adsorption of less than 5% at 320 nm.  The doublet
is followed by three triplets, arranged symmetrically:  CaF2/ NaCl/ Silica, Silica/ CaF2/
Silica, Silica/ NaCl/ CaF2.  The central triplet provides much of the power, and the NaCl
triplets provide additional power with color correction.   The field flattener is crystal
quartz.  Among the UV crystals, crystal quartz has the largest index of refraction with the
smallest dispersion, which is advantageous for field flatteners. The flattener is small
enough that grown crystal blanks are available.  Its birefringence is not an issue because it
is located after the polarizing elements in the system, and its optic axis will be oriented
perpendicular to the surface.  The flattener is also the detector cryostat window.  

A filter magazine for Fabry-Perot interference filters and order blockers is located just
before the detector.   The choice for filter location is between this position and the
collimated beam.  The latter would result in very large, expensive, heavy filters which
would require very good optical quality, so this was ruled out.  The disadvantage of
locating the filters close to the detector is the possibility of out-of focus ghosts from
reflections off the CCD surface, and the effect of the fast beam on the interference filters.

The camera was first optimized using the perfect SALT telescope model described above,
plus a perfect collimator yielding the 150mm beam and the desired pupil placement.  The
field flattener back focal distance was constrained to be greater than 9 mm, and the space
between the last camera element and the field flattener was constrained to be big enough
for the filters.  The overall length was constrained to be < 625 mm, required by the overall
envelope of the instrument.  The merit function consisted of image rms in the dispersion
direction for field angles of 0, 2, 3, and 4 arcmin, with the camera in three configurations:
imaging (320 - 900 nm), and grating spectroscopy with the camera at Littrow for the 780
l/mm VPH grating tilted at 11.9° and 17.25°: this gives wavelength coverage,
respectively, of 320 - 640 nm, and 530 - 850 nm.  These are the most demanding
configurations of the spectrograph; the higher dispersion configurations have better
imaging because of the smaller range of wavelengths.  The goal for the camera images
was a dispersion -direction dimension < 17 microns for 50% enslitted energy, about 2/3
the goal of the total system rms of 25 : (0.22 arcsec).  Roughly one hundred lens
configurations were evaluated; no configuration without NaCl was found to be acceptable.
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3.3  Collimated Beam

The dispersors are located in the 150mm diameter, 350 mm long collimated beam.  The
collimated beam will accommodate either two Fabry-Perot etalons (each 250 mm in
diameter and 150 mm thick), or one rotatable VPH grating.  The etalons positions straddle
the VPH position near the pupil. A standard Prontor 150mm shutter is just before the
dispersors in the collimated beam. The shutter cannot be placed in the collimator because
of the desire for future simultaneous visible/ IR observing.  It could have gone near the
detector, allowing a smaller shutter.  However, the position in the collimated beam is
advantageous because very short exposures such as would be necessary for flux
calibration would have no field angle exposure correction.  It is true that the shutter is not
at the pupil, and requires an aperture of 161mm, which is larger than any commercially
available shutter.  However, we have determined that a standard Prontor 150 mm shutter
may be modified to apertures of 160 - 165 mm without affecting reliability.

The optical properties of the Fabry-Perot etalons and the VPH gratings is described in
detail in their Trade Study documents.

3.4  Polarimetric Optics

The polarimetric optics utilizes a "wide-field" design. As described in the Polarimetric
Optics Design Document, such a system has a polarizing beamsplitter in the collimated
beam which takes the central half of the field and splits it into two orthogonally polarized
fields, the "ordinary" and "extraordinary" beams. A polarization modulator preceding the
beamsplitter modulates the polarization state with time, and the difference between the
intensities of the O and E images as a function of time yields the polarization.  

The beamsplitter, an array of calcite Wollaston prisms, may be inserted just before the
camera in the collimated beam.  This ensures that there is no vignetting of the split beam
by the dispersors, especially the Fabry-Perot etalons, which would compromise the
polarimetric precision.  Also, by placing the beamsplitter after the etalons, both the E and
O fields have the same wavelength gradient in Fabry-Perot mode, enabling direct
differencing of the two fields.  Since it has no power and is in the collimated beam, a
perfect beamsplitter would have no effect on the image quality of the optical system. 
However, the prism surfaces must be flat and of good quality to avoid degrading the
imaging.  Also, there is a concern for ghost images arising in double reflections within the
prism and between the prism and the detector.

The modulator consists of two 105 mm rotating superachromatic mosaic waveplates near
the beam waist in the collimator, providing a field of 8 arcmin.   The modulator should be
ahead of any optical elements with polarization sensitivity, like the fold mirror and the
dispersors.  The collimator beam waist was chosen because it minimizes the waveplate
size, a serious cost driver.  This puts the modulator in a diverging beam, which must be
considered in the modulator design (see Design Document).  Also, when the modulator (a
plane-parallel element) is removed, it must be replaced by a plane-parallel element of the
same material (fused silica) and thickness (20 mm) as the waveplate to match the
substantial focus change and spherical aberration of the waveplate.  The collimator must
be designed to include this plate.  To minimize the effect of the polarization optics on the
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performance of the non-polarimetric modes, the polarization system is designed to operate
with both the 1/2 and 1/4 wave plates inserted, so they may be compensated by a single
compensator plate.  Thus the only compromise on non-polarimetric modes imposed by the
polarization capability is the introduction of two air-glass interfaces, which may be anti-
reflection coated.  Because the waveplates (and compensator) are located so close to the
telescope focal plane, the flatness requirements on the elements are quite loose.

3.5  Collimator

Compared to refractive collimators on other large telescopes, the requirements for the
PFIS collimator are unusual in three ways:

� High speed (F/4.2)

� Closeness of the entrance pupil (586 mm)

� Very large wavelength range; 320 nm - 1.7 : to accommodate simultaneous visible -
near IR observations

The wavelength range and the speed again appear to require use of NaCl.  The current
design (See Figure 1, Appendix A for details - this shows the visible beam only, without
fold/ dichroic) starts with a doublet field lens, Silica/ CaF2, placed close to the focal plane. 
This rather strong field lens is due to the closeness of the entrance pupil; the requirement
of good imaging down to 320 nm drives the use of a doublet rather than a singlet.  This is
followed by a space for the waveplates (a plane parallel fused silica element) and a
negative singlet silica element, which corrects the field curvature introduced by the field
lens. This arrangement is required in imaging grating spectrographs with large field of
view perpendicular to the dispersion, because any residual field curvature due to the
collimator is seen perpendicular to the dispersion but not along the dispersion, so it cannot
be corrected by a spherical element in the camera.  The negative element is followed by a
singlet BaF2 element, which improves the color correction.  BaF2 does have sensitivity to
moisture (although nowhere near that of NaCl).  The collimator tube from the negative
singlet to the final doublet will be sealed and purged with dry air to protect against this. 
Next comes the main triplet, CaF2 / NaCl/ Silica.  The final element in the visible beam
collimator is a CaF2/ Silica doublet.  This doublet is on a linear stage to permit focusing.

The collimator was designed to permit the future addition of the near-IR beam.  The
optical prescription must be optimized to allow good collimation over the entire 320 nm -
1.7: wavelength range, and the pupil must be placed such that there is adequate room in
the collimated NIR beam.   Figure 2 illustrates the NIR beam model that was used.  A fold
mirror before the final doublet  will become the visible/ IR dichroic when the IR beam is
added.  A separate NIR collimator doublet (CaF2/ Schott K10) follows the dichroic, which
would have a separate linear stage for NIR beam focus.  A fold follows this to bring the
NIR beam within the instrument envelope.  

The collimator was optimized using the perfect SALT model and a perfect 330mm focal
length camera for each beam.  The merit function minimizes the rms image diameter
simultaneously for wavelength 320, 400, 700, and 900 nm in the visible beam, and 0.9,
1.2, 1.4, and 1.7 : in the NIR beam.  The exit pupil was constrained to be near a point 45
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Figure 2.  Future NIR beam model

Figure 3.  Proposed slitviewing optics

mm beyond the visible beam articulation axis and 45 mm short of the NIR beam
articulation axis (the articulation axis is the location of the grating, and the midpoint
between the etalons).  Normally, the pupil would be put at the grating.   A compromise
was necessary to avoid the visible camera projecting beyond the envelope:  Notice that the
NIR fold mirror uses up about 250 mm of the NIR collimated beam.  Since the visible and
NIR pupils are very nearly the same distance from the last collimator element, the
collimated beam on both beams must be stretched to accommodate it.   At the compromise
position, the beam at the grating is only a few millimeter larger than 150 mm, not a
serious impact on optics sizes or etalon vignetting.  Final constraints set the minimum
separation of the field lens from the focal plane to be 10 mm (to allow for the slitmasks),
provided minimum clearance for the waveplates,
and constrained the overall length to be less than
900 mm.

The goal for the collimator images was an rms
diameter less than 8 microns, about 1/3 the goal
of the total system rms of 25 :.  Again, a large
number  of lens configurations were evaluated;
no configuration without NaCl was found to be
acceptable.

 3.6  Slitmask / Slitviewer

As described in the Slitmask Trade Study
Document, multi-object spectroscopy is
facilitated through custom slitmasks loaded into
a slitmask magazine, selected and inserted at the
focal plane. Two kinds of slitmasks are
envisioned, thin flat carbon fiber masks which
are placed coincident with the focal plane, so
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Figure 4. Design Imaging Performance

that they are useful over the full field of view, and tilted metallic slits for work on-axis in
the direction of dispersion.  The former, while more flexible in field, present well-known
difficulties with acquisition since the slit cannot be viewed directly.  The acquisition
scenario for the carbon fiber slitmasks involves centering with the SALTICAM
acquisition camera followed by peak-up using guide stars through the mask, finally
followed by science observations guided by off-axis probes.  The tilted metallic masks are
provided to allow viewing of the slit  using relay optics to the acquisition camera.  We
estimate that at least 50% of PFIS programs will be single object or longslit observations
which are compatible with conventional slitviewing. This will allow very accurate
acquisition/ centering of difficult objects, and even guiding off lost light on the slit.   It is
felt that these programs should not be unnecessarily subject to the lost time and risk of the
blind pointing scenario. The proposed slit viewing optics is shown in Figure 3.  The optics
is fixed: whenever the acquisition camera fold mirror is out, a view of the slit is presented
to the acquisition camera whenever PFIS is using a tilted slit. The imaging is better than
0.1 arcsec, and the field of view is 2 x 8 arcmin, unvignetted in the center, and 50%
vignetted at the edges.  These optics are in the crowded volume in front of the focal plane,
and so must become part of the telescope payload.  The slitviewing optics proposal is
currently being evaluated by the SALT project.

4 Imaging Performance

Figure 4 shows the imaging
performance of the system as
designed, as a function of wavelength,
for field angles 0, 2, 3, and 4 arcmin,
and for the three fiducial
configurations discussed above  The
top panel gives the width at the
detector of a slit oriented parallel to
the spectrograph slit that would
contain 50% of the energy (the "50%
enslitted energy").  The bottom panel
gives the diameter of a circle that
would contain 50% of the energy. 
The specification in the FPRD is
shown as a dashed line.

Figure 5 shows the "enslitted energy"
as a function of slit width for each of
the three configurations, for four
wavelengths and four field angles. 
The dashed line once more shows the
FPRD 50% enslitted energy
specification.
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Figure 5.  Enslitted energy as a function of slit width, for four wavelengths, four field angles (0, 2, 3, an
arcmin), and three configurations
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Figure 6.  Candidate Anti-reflection coatings

5 Coatings

For the fold flat, we propose to use the same LLNL multilayer coating that is to be used
by the SALT SAC.  This has roughly  95% reflectivity 320 - 900 nm.  It is an extremely
durable coating.

We propose to use three types of anti-reflection coatings for the refractive optics,
depending on placement and exposure.  Solgel is preferred.  SolGel is a chemical coating
producing a stack of 200D pure silica spheres, having an effective index of refraction of
1.22. Used over a single layer of MgF2  (n
= 1.38), the single surface reflection can
be less than 1% from 320 - 850 nm,
degrading to no worse than  2% at 1.7:. 
Durability concerns have held back the
use of SolGel in astronomy, but efforts at
DAO have developed them to the point
that they are in use on several telescopes
and are planned for use on Gemini. 
Figure 6 compares SolGel/ MgF2 with
MgF2 and a conventional multilayer
(taken from the LRIS-B specifications - a
coating that performs well down to 320
nm).  The bottom panel shows the
predicted transmission for the PFIS
system using Solgel on all air-glass
surfaces.  A fallback, to be used on
surfaces where it is determined that there
is unacceptable risk of damage to the
Solgel, will be to use MgF2 on the
surfaces common to the visible - NIR
beams (possibly the field lens surface next
to the focal plane, and the waveplate
surfaces) and conventional multilayer
coatings elsewhere (possibly the detector
window).

6 Assembly Plan

6.1  Tolerances

The image quality budget allots about 33% of the image size (1/2 of the variance) to
manufacturing and assembly errors.  A preliminary tolerance analysis for manufacturing
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errors leads to the specifications in the following table:

Specification Value
Surface Radii ±0.1% (one exception)
Deviations 1/4 8 at 630 nm
Center thickness ±0.1 mm
Wedge < 30 arcsec

6.2  Element Manufacturing

A preliminary Statement of Work for the manufacturing of the optical elements
(Appendix A) has been sent to five potential vendors for a preliminary quotation and
delivery estimate.  Results are in the following table.  For reference, the estimate from the
PFIS Concept Proposal was $240,000 (base year dollars), which inflates to $258,000
current year dollars.

Vendor Contact Cost Delivery
Lick Observatory D. Hilyard $266,830 14 months
Coastal Optics J. Kumler Does not want to do NaCl
Janos Technology R. Sherwin Quote in progress
Specac Ltd C. Wallace Quote in progress
Crystran Ltd A. Afran Quote in progress

6.3  Opto-Mechanical

Internal surfaces in multiplets will be coupled with immersion oil or with Dow-Corning
Q2-3067 coupling grease.  Lens holders for the NaCl triplets will be hermetically sealed;
holders designed for the SOAR Goodman spectrograph NaCl triplets provide one of the
starting designs.

The lens holders will be mounted in the Invar camera and collimator housings, separated
by spacers of materials of various thermal expansion coefficient (stainless steel,
aluminum, and high-density polyethylene) in such a way that the focus and collimation
shift with temperature will be minimized.  The camera and collimator tubes will be kept
under positive pressure with a dry air purge to protect the coatings and the hygroscopic
materials.

7 Risks

The following risks and mitigation plans have been identified

�  Unacceptable cost growth.  Descope the beam size and/ or the camera field of view.

�  Insurmountable NaCl problems. Descope the wavelength coverage.

�  Solgel coating problems.  Replace coatings on surfaces common to the visible/ NIR
beam with MgF2.  Replace other coatings with conventional multilayer coatings,
descoping the wavelength coverage if necessary.
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1.  PFIS Collimator

Statement of Work
 Prime Focus Imaging Spectrograph

Optical Element Fabrication

Version 1.0 (Preliminary)

K. Nordsieck

22 Aug, 2001

1 Introduction

This document describes the scope of work and specifications for the fabrication of 21
optical elements to be used in the Prime Focus Imaging Spectrograph on the Southern
African Large Telescope (SALT).   SALT is an 11m telescope based on the Hobby-
Eberly Telescope concept, where a segmented spherical primary mirror is at a fixed
elevation and celestial objects are tracked by moving the prime focus platform.  The
Prime Focus Imaging Spectrograph will be the major instrument at the prime focus. The
PFIS optical system consists of a collimator (Figure 1), which collimates the F/4.2 beam
over the wavelength range 320 nm - 1.7 microns. The collimated space contains either
Fabry-Perot etalons, or a Volume Phase Holographic (transmission) grating. The visible
wavelength camera (Fig 2) focuses the wavelength range 320 - 900 nm at F/2.2  onto a
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2. PFIS Camera

focal plane array of three 4096 x 2048  CCD's. The final element, a field flattener, serves
as the window of the detector cryostat.  NaCl elements are used in these designs to meet
requirements for good imaging down to 320 nm.  All NaCl elements are embedded
within triplet groups, which will be sealed to prevent degradation by moisture.  Both
collimator and camera are designed to accommodate plano fused silica filters (dashed
lines), which will be provided by the customer.   Provision is made for a future
simultaneous near infrared beam, using a beam-splitter before the last doublet of the
collimator, a NIR collimator doublet, and a NIR camera.  This document refers to the
Collimator (with visible wavelength doublet) and Camera (visible wavelength) only. 
More information on SALT and PFIS may be found at the web site

http://www.sal.wisc.edu/~khn/salt/index.htm

2 Statement of Work

For quantity one (1) each of the 21 items the optical fabricator will

a Obtain the optical blanks and generate the shapes. Blanks are to meet the general
specifications in section 3 and the specific requirements in section 6.

b Supply documentation on the estimated stress birefringence, refractive index
homogeneity and crystal structure. Provide 6-point index of refraction data for each
blank, to allow the customer to update the design.

c Provide a finished optical element meeting the general specifications in section 4 and
the specific requirements for each element in section 6.

d Measure and document the final surface figures.
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e Coat external surfaces.  Coatings are to meet the general specifications in section 5
and the specific requirements for each element in section 6

f Integrate the doublet and triplet groups into customer-supplied lens holders, using
customer-supplied coupling grease or oil.

g Package the groups for appropriate normal shipment.

h Ship to customer

The fabricator is expected to work with the customer to allow utilization of existing test
plates and implement any changes that the fabricator might suggest to facilitate
production or remedy problems encountered.  One surface in the collimator and one in
the camera will be designated a "Pick-up" surface and should be the last to be fabricated.

The following tables summarize the basic properties of the elements.  All surfaces are
spherical.  All dimensions are in millimeters.

Table 1: Properties of the Collimator elements

Group Element Material Dia CA R1 R2 CT

D1 L1 FSILICA 130 122 85.2988 60.4691 10
L2 CaF2 118 113 60.4691 200.4999 55

S1 L3 FSILICA 126 115 -62.1992 265.6115 10
S2 L4 BaF2 156 145 -534.3901 -127.1357 35.406

T1
L5 CaF2 204 175 679.5937 -155.9113 52
L6 NaCl 204 186 155.9113 -403.8348 15
L7 FSILICA 204 191 -403.8348 -167.9550 30

D2 L8 FSILICA 188 175 Infinity 210.3489 15
L9 CaF2 188 175 210.3489 -534.8132 37

Table 2: Properties of the Camera elements

Group Element Material Dia CA R1 R2 CT

D1 L1 CaF2 236 216 667.5842 -231.9151 50
L2 Schott FK5 236 221 -231.9151 Infinity 10

T1
L3 CaF2 240 225 425.8106 -683.2342 35
L4 NaCl 240 224 -683.2342 -2056.528 15
L5 FSILICA 240 224 -2056.528 Infinity 15

T2
L6 FSILICA 236 220 173.3162 134.6687 15
L7 CaF2 224 208 134.6687 -260.7930 90
L8 FSILICA 212 198 -260.7930 Infinity 10

T3
L9 FSILICA 180 169 184.7750 126.9200 10
L10 NaCl 180 156 126.9200 80.5787 10
L11 CaF2 148 138 80.5787 499.6040 53

S1 L12 Crystal
Quartz

90 x 123
(rect)

71 x 104
(rect)

-150.2644 405.1679 8
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3 Specifications on blanks

3.1  Calcium Fluoride and Barium Fluoride material

a The CaF2 and BaF2 boules used to generate the final blanks will have more than 90%
of the volume consisting of less than three crystals

b The index of refraction homogeneity of the blanks shall be less than 3.0 x10-5 

c The stress birefringence shall be 10nm.cm or less.

3.2  Sodium Chloride Material

a The index of refraction homogeneity of the blanks shall be less than 3.0 x10-5 

b The stress birefringence shall be 10nm.cm or less.

3.3  Fused Silica Material

a Corning 7980, Grade 1B or better

3.4  Crystal Quartz Material

a Single crystal (artificial) optical grade

b Optic axis within 5 degrees of specification

3.5  Optical Glass Material

a  Striae Grade A per MIL-G-174A

b The index of refraction homogeneity of the blanks shall be less than 2.0 x10-5 

c Fine anneal. Stress birefringence shall be 10nm/cm or less.

4  Optical finish specifications

All 21 elements will be finished to the following specifications in addition to those called
out in the drawing notes.   Default drawing notes are:

a All surface radii shall be ±0.1%, unless otherwise specified

b All surfaces shall  be polished to 1/4 wave at 0.63 microns

c All center thickness shall be +/- 0.1 mm

d Scratch/ dig shall be 60/40

e Bevel edges at 45 deg to 1 mm maximum face width

f Maximum wedge 30 arcsec

Other standard specifications are

g All edge diameters shall be ±0.1 mm of the value specified on the drawing.

h The edge thickness variation shall be ±0.025 mm.

i All unfinished surfaces finished to #320 grit or better.
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5 Coating Specifications

5.1 Visible wavelength specification

All coated surfaces shall have reflectivity < 1% for 320 - 900 nm and < 0.5% 360 - 700
nm. This may be achieved either with a conventional multilayer coating or with a MgF2/
solgel coating.

5.2  Near Infrared wavelength specification

All coated surfaces common to the NIR beam (collimator groups D1, S1, S2, and T1)
shall in addition have reflectivity < 2% for 900 nm to 1.7 microns.  This is likely to be
achievable only with a MgF2/ solgel coating

6 Optical element Specifications

In this section we describe summarize requirements specific to individual elements.

6.1  Item 1: collimator L1

This fused silica element shall meet specifications listed in section 3.3, 4, and the
appended drawing.  Surface R1 shall be coated per sections 5.1 and 5.2.

6.2  Item 2: collimator L2

This CaF2 element shall meet specifications listed in section 3.1, 4, and the appended
drawing.  Surface R2 shall be coated per sections 5.1 and 5.2.

6.3  Item 3: collimator L3

This fused silica element shall meet specifications listed in section 3.3, 4, and the
appended drawing.  Both surfaces shall be coated per sections 5.1 and 5.2.

6.4  Item 4: collimator L4

This BaF2 element shall meet specifications listed in section 3.1, 4, and the appended
drawing.  Both surfaces shall be coated per sections 5.1 and 5.2.

6.5  Item 5: collimator L5

This CaF2 element shall meet specifications listed in section 3.1, 4, and the appended
drawing.  Surface R1 shall be coated per sections 5.1 and 5.2.

6.6  Item 6: collimator L6

This NaCl element shall meet specifications listed in section 3.2, 4, and the appended
drawing. No coating is required, since the element is embedded in a triplet.

6.7  Item 7: collimator L7

This fused silica element shall meet specifications listed in section 3.3, 4, and the
appended drawing.  Surface R2 shall be coated per sections 5.1 and 5.2.

6.8  Item 8: collimator L8

This fused silica element shall meet specifications listed in section 3.1, 4, and the
appended drawing.  Surface R1 shall be coated per section 5.1.
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6.9  Item 9: collimator L9

This CaF2 element shall meet specifications listed in section 3.1, 4, and the appended
drawing.  Surface R2 shall be coated per section 5.1.

6.10  Item 10: camera L1

This CaF2 element shall meet specifications listed in section 3.1, 4, and the appended
drawing.  Surface R1 shall be coated per section 5.1.

6.11  Item 11: camera L2

This Schott FK5 element shall meet specifications listed in section 3.5, 4, and the
appended drawing.  Surface R2 shall be coated per section 5.1.

6.12  Item 12: camera L3

This CaF2 element shall meet specifications listed in section 3.1, 4, and the appended
drawing.  Surface R1 shall be coated per section 5.1.

6.13  Item 13: camera L4

This NaCl element shall meet specifications listed in section 3.2, 4, and the appended
drawing.  No coating is required, since the element is embedded in a triplet.

6.14  Item 14: camera L5

This fused silica element shall meet specifications listed in section 3.3, 4, and the
appended drawing.  Surface R2 shall be coated per section 5.1.

6.15  Item 15: camera L6

This fused silica element shall meet specifications listed in section 3.1, 4, and the
appended drawing.  Note the tighter radius tolerance on R1 in the drawing. Surface R1
shall be coated per section 5.1.

6.16  Item 16: camera L7

This CaF2 element shall meet specifications listed in section 3.1, 4, and the appended
drawing. No coating is required, since the element is embedded in a triplet.

6.17  Item 17: camera L8

This fused silica element shall meet specifications listed in section 3.3, 4, and the
appended drawing.  Surface R2 shall be coated per section 5.1.

6.18 Item 18: camera L9

This fused silica element shall meet specifications listed in section 3.3, 4, and the
appended drawing.  Surface R1 shall be coated per section 5.1.

6.19 Item 19: camera L10

This NaCl element shall meet specifications listed in section 3.2, 4, and the appended
drawing.  No coating is required, since the element is embedded in a triplet.

6.20 Item 20: camera L11
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This CaF2 element shall meet specifications listed in section 3.1, 4, and the appended
drawing.  Surface R2 shall be coated per section 5.1.

6.21 Item 21: camera L12

This crystal quartz element shall meet specifications listed in section 3.4, 4, and the
appended drawing.  Both surfaces shall be coated per section 5.1.  Note that this element
is rectangular, with a mounting lip for a vacuum seal to the detector cryostat.  The optical
axis of the crystal should be approximately aligned to the long axis of the element, as
shown.  This orientation is consistent with the availability of grown crystal quartz blanks.

7 Deliverables

The fabricator will supply the below deliverables that apply to each element.

a  Finished group in package suitable for shipping.

b  Documentation of measured radii and thickness for each element.

c  Documentation of measured surface irregularity for each element.

d  Measurement of final edge diameters for each element.

Element Drawings

The following pages consist of figures depicting each individual lens
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