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Figure 1.  SALT instrumental polarization

1  Scope

This document presents the optical design for the polarimetric optics (waveplates and
beamsplitter) for the SALT PFIS instrument.

2 SALT Telescope Instrumental Polarization

One concern for precision spectropolarimetry is the instrumental linear polarization
arising in the telescope itself.  This is particularly so for SALT, where the very fast
primary mirror and spherical aberration corrector result in large angles of incidence, and
where vignetting in the SAC and by the primary mirror during a track causes an
asymmetric pupil illumination for large field angles and large track angles.  If this effect is
to be calibrated, the magnitude of the effect must not be too large.  Experience with other
spectropolarimeter systems indicates that a
residual systemetic error of as much as 10% of 
the instrumental polarization correction can
remain after calibration.

We have evaluated the expected instrumental
polarization of the SALT telescope and SAC as a
function of wavelength, field angle, and track
angle, assuming an aluminum coated primary
and all four SAC mirrors coated with the LLNL
enhanced silver/ aluminum multilayer coating. 
The LLNL group kindly provided us with the
polarization as a function of angle and
wavelength from a theoretical  model of the
coating.  In order to put this into ZEMAX, the
angular polarization behavior p(2) was found to
be well represented by a single coating with the
index of refraction  n  and  k  of an ideal metal 
(index k >> n): p(2) ~ 2 sin 2 tan 2 n/k2.  Based
on this, the LLNL coating actually has a lower
polarization than either aluminum or silver
alone, except at the shortest wavelengths.  Figure
1 illustrates the predicted instrumental
polarization spectrum for the SALT telescope for
several field angles and track angles.  In these
plots the field angle is in the same plane as the
track angle, which is the worst case.  The
instrumental polarization is less than 0.1% for field angles less than 2 arcmin, and
typically 0.2% for the largest field angles.  The largest value is less than 0.4%.  Based on
the above rule of thumb, we should be able to reliably calibrate to better than ±0.04%, as
stated in the FPRD.  The effect of the track angle is about 0.1%, smaller than the field
angle effect, so that modeling the time-dependent polarization due to the track should not
be difficult.  We plan to use an empirical instrumental polarization model based on these
calculations, with adjustable coefficients calibrated using unpolarized stars.
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3 Configuration Tradeoffs: field of view and analyzer choice

Modern spectropolarimeters consist of two elements, a polarization modulator, which
modulates the polarization state of the beam in time, and a polarization analyzer, which
defines which polarization state is passed to the detector. Often the analyzer is a polarizing
beam-splitter whose two output beams are detected simultaneously, and the polarization
signal is recovered from the modulation of the difference in intensity in the two beams. 
Beam-splitters allow the highest polarimetric precision because variations in atmospheric
transparency and in the optics are cancelled out in the differential measurement.  The
placement of the beam-splitter often defines the field of view: In systems like the Keck
LRIS spectropolarimeter, the beam-splitter is a prism placed in the diverging beam just
after the focal plane, with a thin film interface which passes one sense of polarization and
reflects the other, leading to two parallel beams displaced by a small amount
perpendicular to the spectral dispersion.  Because of the small displacement and the length
of such prisms, the aperture cannot be very large, and these are generally used for stellar
or compact objects.  The other choice is to place a birefringent beamsplitter in the
collimated beam, which causes the two orthogonally polarized beams to diverge
perpendicular to the spectral dispersion; the spectrograph camera focus the two beams into
displaced spectra.  The latter has been chosen for PFIS because of the desire to make use
of the large field of view of the SALT telescope for multi-object spectropolarimetry and
spectropolarimetric imaging of diffuse objects both with the VPH grating, and, uniquely,
the Fabry-Perot etalons.  The prism is usually a Wollaston prism, which deviates the two
beams equally by an amount that is proportional to the tangent of the prism interface
angle, and thus the prism thickness.

The second choice that must be made is the nature of the polarizing prism.  In the VLT
FORS1 spectropolarimeter, it is a very large (a 120 mm cube) crystal quartz Wollaston
prism (prism angle 45°).  This has the advantage that crystal quartz is very transparent, so
that it has good throughput.  The disadvantage is that the birefringence of this material is
so small that even with such a thick prism, the deviation is much smaller than the field
diameter.  In FORS1, spectropolarimetry requires a "Venetian blind" slitmask which
provides a shadow for each  22 arcsec slot to be doubled into two images. This is
inefficient because the slot filling factor must be less than 1/2 to prevent beam overlap. 
Such very large pieces of quartz are also extremely expensive because they are too large
to be grown - a natural piece of very high quality must be found.  PFIS has chosen the
other possibility, a thin calcite prism.  Calcite has a very large birefringence, so that a
modest prism angle (14.3° for PFIS) serves to split the field of view into two completely
separate halves.  The disadvantage of calcite is that it is only available naturally, in rather
small pieces which are not as transparent as quartz.  For PFIS, the calcite prism is a
mosaic of nine prisms, each one of which is 1/3 the aperture and thickness of a monolith. 
The increased efficiency of the use of the field of view is balanced by the decreased
throughput of the calcite and the mosaic, so the two choices have similar throughput. 
Overall, the calcite solution has a more convenient use of the field of view, is much
thinner so that it uses much less collimated beam, and is cheaper. Another factor to be
considered is that no birefringent material has a wavelength-independent birefringence -
the splitting is wavelength dependent, so that every point source is actually split into two
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oppositely-directed spectra.  This is not a large effect for the quartz prism, because the
splitting is not large, but it is an important effect for calcite.  For PFIS, this dispersion is
25 arcsec from 320 to 900 nm.  This rules out broadband polarimetric imaging of diffuse
objects, especially in the blue, where the dispersion is largest.  Since PFIS is specializing
in spectroscopy, this is not judged to be a serious disadvantage.  It also can be used to
advantage, since without any dispersors in the beam, the polarizing prism provides enough
spectral dispersion on its own to create the unique very-low resolution spectropolarimetric
imaging mode allowing simultaneous spectropolarimetry of hundreds of faint objects.

4 Operational Modes

The waveplate modulator is to be used in three modes, linear, circular, and "all-Stokes"
mode.  As described in the Optics Design Document, an effort has been made to minimize
the impact of the polarimetric modes on non-polarimetric observations by having all
polarimetric modes have both waveplates in the beam, instead of having the waveplates
separately insertable.   This means that only a single focus/ aberration compensator will be
required when the waveplates are out, minimizing the number of air-glass interfaces.  For
ease of operation, the waveplates should be in the same order in all modes.  The solution
to these requirements is shown in Table 1, which gives the waveplate angle progression
for each mode. The angle shown is that between the waveplate optic axis and the beam-
splitter polarization axis, which is 45° to the dispersion direction, as described below.

Linear polarization mode uses a standard halfwave sequence, with exposure pairs
corresponding to 90° polarization position angle rotations (1/2 wave plate rotated 45°). 
The first four positions are sufficient to determine the two linear polarization Stokes
parameters, and could be used for faint objects where there may not be time for eight
exposures.  The remaining four positions give a redundant estimate of the Stokes
parameters, which is useful for estimating systematic error for high precision work.  The
quarterwave plate follows the 1/2 wave plate, with its axis remaining aligned to the beam-
splitter axis, so it is a null device.

Table 1.  Waveplate positions

Linear Circular All-Stokes
1/2 8 1/4 8 1/2 8 1/4 8 1/2 8 1/4 8

0 0 0 +45 0 0
45 0 0 -45 22.5 33.75
22.5 0 22.5 -45 45 67.5
67.5 0 22.5 +45 67.5 101.25
11.25 0 45 +45 90 135
56.25 0 45 -45 112.5 168.75
33.75 0 67.5 -45 135 202.5
78.75 0 67.5 +45 147.5 236.25

In circular polarization mode, the quarterwave plate is alternated between the plus and
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minus 45 degree position, which converts circular polarization into linear polarization
aligned and orthogonal to the beam-splitter polarization axis.  The halfwave plate is used
to rotate the axis of the incoming linear polarization to different angles to cancel out the
effects of linear to circular conversion in the waveplates.  This technique is used in all
high precision circular polarimeters to measure small polarization ellipticities (small
circular in the presence of large linear polarization) such as is typical in interstellar
polarization and dust scattering nebulae.  The linear to circular conversion in the optics
before the modulator will be calibrated using objects of known polarization.

In "all-Stokes" mode, both waveplates are advanced with constant angular steps, causing
the linear and circular polarization to modulate the intensities at the detector with differing
frequencies.  This would be used for objects with comparable linear and circular
polarization (e.g. magnetic CV's), and especially for high time resolution sampling.  The
original all-Stokes mode suggested by Serkowski uses a quarterwave plate followed by a
halfwave plate, each rotating at the same rate in opposite directions.  The linear
polarization signal appears at a frequency of twice and four times the rotation rate, and the
circular polarization signal appears at three times the rotation rate.  This is not suitable
here, because the quarterwave plate is first.  We have found an alternate all-Stokes mode
in which the halfwave plate is first, and the quarterwave plate rotates at 3/2 the halfwave
rate in the same direction.  This results in the same frequency pattern and efficiency as the
Serkowski  method.  

The maximum speed for any of these modes will be attained with a "shuffle-and-read"
method of detector readout.  A single star window is placed at the far end of the slit, with
the rest of the slit masked.  Each exposure is followed by a waveplate advance and a
shuffle of the CCD to put the spectrum in an unexposed part of the detector. When the E
and O part of the detector is full, the shutter must be closed and the CCD read out.  Frame
transfer is not possible in polarimetric modes because the E and O beams occupy the
"image" and "storage" halves of the CCD simultaneously.  The maximum rate will be set
by the waveplate speed, not the detector.  The current specification is for a 90° rotation in
2 seconds.  In all-Stokes mode, the 1/4 wave plate is stepped 3/8 of this, taking 0.75
seconds.  If the lost duty cycle due to rotation is to be less than 10%, the minimum sample
time is 7.5 sec, and eight samples to get the stokes parameters will require 60 seconds.

5 Element Design

5.1  Waveplates

The waveplates are to be Pancharatnam "suprachromatic"  retarders.  A single retardation
plate is 1/2 or 1/4 wave at only one wavelength, mainly because the birefringence in
microns, not wavelengths, is approximately wavelength independent.   In a conventional
achromatic waveplate, two different materials of different birefringence wavelength
dependence (usually magnesium fluoride and crystal quartz) are crossed to produce a
retarder that has some specified retardation at two wavelengths.  In a Pancharatnam
design, two identical retarders surround a third retarder rotated by some angle;  the
parameters of this arrangement can also be chosen so that the combination has a specified
retardation for at least two wavelengths.  A Pancharatnam "superachromatic" retarder
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Figure 2.  Beamsplitter chromatic dispersion

combines these techniques: each of the three Pancharatnam retarders is an achromatic pair
of very thin (150 - 500 micron) plates of MgF2 and crystal quartz, yielding a retarder that
is close to the desired retardation over the entire visible band.  Because of the thinness of
the six elements, the aperture of the plate is limited, and large aperture plates must be
fabricated as a mosaic (VLT FORS1 has a 100mm mosaic superachromatic plate).  A
waveplate covering the entire PFIS visible/ NIR wavelength range, 320 nm - 1.7:, is
readily designed, so that a single waveplate would serve both beams.

A complication is the fast F/ratio of the beam where the waveplates are inserted.  The
Pancharatnam design is relatively insensitive to incidence angles, but for the PFIS beam,
serious effects are seen in the UV with a waveplate designed for a collimated beam. 
These effects manifest themselves in a reduced effective polarimetric efficiency, and in
sensitivity to an asymmetrically illuminated pupil - a definite concern for SALT.  We have
designed Pancharatnam plates specifically for the PFIS beam. (See Specification,
Appendix A).  Mitigation of the beam speed involves making the individual elements
even thinner, which becomes a fabrication risk.  A compromise design may be necessary
that sacrifices UV efficiency for fabrication ease.

5.2  Beamsplitter

As described in the Optics Design Document, the polarization analyzer will be a mosaic of
calcite Wollaston beamsplitters (see Appendix A for details).  The polarimetric field
(masked to a 4x8 arcmin rectangle) is split into two fields (Ordinary and Extraordinary)
separated by 4 arcmin perpendicular to the spectral dispersion, filling the CCD.  The
polarization position angle of the E and O beam is chosen to be ±45° from the dispersion
axis, so that the throughput of the two beams
are matched in spite of the polarization
sensitivity of the fold mirror and the grating.  In
grating spectroscopy mode, every spectrum is
split into an E and an O spectrum. The beam
splitting is actually wavelength dependent, so
that the spectra are slightly curved.  In Fabry-
Perot mode, the image appears twice, separated
by the splitting at the selected Fabry-Perot 
wavelength.  Without a dispersor, two images
are seen, with each point object stretched into a
prism-dispersion spectrum perpendicular to the
usual spectral dispersion.  This allows the
unique very-low resolution spectropolarimetric
imaging mode.  The spectrum from 320 - 900
nm is about 25 arcsec long, as seen in Figure 2.

6  Element Manufacturing

A preliminary Request for Quote for the manufacturing of the optical elements (Appendix
A) has been sent to two potential vendors for a preliminary quotation and delivery
estimate.  Results are in the following table.  For reference, the estimate from the PFIS
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Concept Proposal was $160,000: $40,000 for the beamsplitter and $60,000 for each
waveplate (base year dollars), which inflates to $172,000 ($43,000 for beamsplitter,
$64,500 each for waveplates) in current year dollars.

Vendor Contact Beamsplitter Waveplate Total

Cost Delivery Cost Delivery Cost
Karl Lambrecht
Corp

V. Vats $44,100 30 wks $120,000 8-10 mo $284,100

Bernhard Halle
Nachfl.

Negotiating

The KLC quote for the waveplates is well above the Concept Proposal estimate, and is
judged to be unaffordable.  If the Halle quote is not considerably better, we will consider
reducing the aperture, which will reduce the polarimetric FOV.  For instance, reducing the
waveplate aperture from 105 to 85 mm reduces the FOV from 4×8 to 4×6 arcmin.  If this
is manufacturable as a 3×3 mosaic of 28 mm elements, it would reduce the KLC cost to
roughly $80,000 each.

7 Risks

The main risk is to the waveplates, which are expensive and difficult to manufacture
because of the thinness of the mosaic elements (especially the quarterwave plate) and the
diameter of the assembly.  The risk and cost may be mitigated by

�  Subcontracting the element polishing to a semiconductor chip house.

�  Redesigning the waveplates to use thicker elements.  This would be at the expense of
ultraviolet efficiency and ease of calibration.

�  Reducing the waveplate size at the expense of field of view.

�  Descoping the quarterwave plate.



Figure 1 PFIS Optical Layout

Specification
Southern African Large Telescope
Prime Focus Imaging Spectrograph

Polarimetric Optics

K. Nordsieck
3 Sept 2001

1 Introduction

This document describes the specifications for the fabrication of two waveplates and a
beamsplitter 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 (Fig 1) consists of a collimator 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 focuses the wavelength range 320 - 900 nm at F/2.2  onto a focal
plane array of three 4096 x 2048  CCD's.   Provision is made for a future simultaneous
Near InfraRed beam, using a chromatic beam-splitter before the last doublet of the
collimator, a NIR collimator doublet, and a NIR camera. 

The polarimetric module consists of  two superachromatic  waveplates, ½ and 1/4 wave,
inserted in the diverging beam within the collimator, and an array of calcite Wollaston
beamsplitters inserted in the visible wavelength collimated beam.  (Provision is made for



a future NIR beamsplitter, not described here).

2 Waveplates

The waveplates shall be 6 element superachromatic Pancharatnam ½ and 1/4 wave linear
retardation plates, optimized for the wavelength range 320 nm - 1.7 : and an F/4.2 beam. 
The fast beam and the large wavelength coverage extending into the near UV requires an
optimization rather different from the conventional collimated beam Pancharatnam
waveplates.  Appropriate ZEMAX optimization macros are available from the customer
(these require ZEMAX-EE, version 10, 15 Aug 01 update).  The halfwave plate is
optimized for maximum efficiency.  The quarterwave plate has an additional constraint
on the maximum axis angle variation.

Physical:

Clear aperture: > 105 mm (circular)

Substrates: 5 (± 0.1) mm thick x 110 (± 0.1) mm diameter, fused silica

Surfaces: 1/4 8 at 630 nm, wedge < 30 arcsec, 
< 1 mm 45 deg bevel, 60/40 scratch/dig

Coating: MgF2 broad band, 320 - 900 nm

Mosaic: no more than 4 mosaic elements, gap < 100 :, 
angular alignment < 2 arcmin

Optical:

Internal transmission: > 95%

For the full wavelength range 320 nm - 1.7 ::  Efficiency for the halfwave plate is
defined as (1 - cos J)/2, and for the quarterwave, sin J.

Item Retardation J Minimum
Efficiency

Maximum Axis
variation

half wave 0.5 ± 0.05 > 0.975

quarter wave 0.25 ± 0.05 > 0.955 ±3°

Possible designs that meet the polarimetric specifications are shown in the following
table and figures 2 and 3.

Item

center pair thickness (mm) outer - center pair relation

MgF2 Quartz thickness ratio axis angle

half wave 0.27709 0.32365 1.0256 52.7806

quarter wave 0.22531 0.25563 0.635 66.2285



Figure 3.  SALT  PFIS Quarterwave Plate

Figure 2.  SALT PFIS Halfwave Plate



Figure 4.  SALT PFIS Polarizing Beamsplitter

3 Polarizing Beamsplitter

The polarizing beamsplitter shall be a mosaic of 4 (preferably) or 6 identical calcite
Wollaston beamsplitters, mounted in a customer-supplied holder.

Physical: (see figure 4)

Total clear aperture: 176 mm (direction of splitting) x 212 mm (perpendicular to
splitting)

Total dimension: 180 x 220 x 25 mm

Mosaic element:
 dimensions: 90 x 110 (4 elements) or 90 x 73.3 (6 elements)
prism angle: 14.3 ± 0.1°; elements matched to < 1 arcmin (0.5 arcmin goal)
splitting axis Aligned to edges within ± 0.1°; elements matched to < 2 arcmin
gap lost space: < 3 mm

Surfaces: 1/4 8 at 630 nm, wedge < 30 arcsec, 
< 1 mm 45° bevel, 60/40 scratch/dig

Optical:

Crystal axis: 45 ± 0.1° to prism axis

Prism  coupling customer-supplied Dow Corning Q2-2037 coupling grease

Internal Transmission: > 65%  (320 nm), > 75% (600 nm) (mean over each element)

Coating:  All external surfaces shall have reflectivity < 1% for 320 - 900 nm
and < 0.5% 360 - 700 


