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Figure 1.  HET and SALT instrument map

1  Summary

The University of Wisconsin - Madison, together with Rutgers University and the South
African Astronomical Observatory, proposes to build an Imaging Spectrograph for the
Prime Focus Instrument Package of the SALT telescope.  The PFIS (or "IMPALAS", for
Imaging Prime focus ArticuLAting Spectrograph) would specialize in very high
throughput, low and medium resolution  (R = 500 - 12000) spectroscopy and
spectropolarimetry from 3200 to 9000 D, using an articulated camera and Volume Phase
Holographic gratings and a double etalon Fabry-Perot system.  With a spectrograph/
detector peak efficiency of 62% and a 3200 D efficiency above 25%, it would be unique
among or superior to existing 8-10m telescopes in the UV, in medium resolution
spectroscopy, in Fabry- Perot spectroscopy, in high time resolution spectroscopy, and in
spectropolarimetry.  

This document describes the scientific case for the instrument, the observation "niches"
that it proposes to fill, the science programs proposed by the SALT consortium members,
and compares its capability to carry out these programs with those of other large
telescopes.  It also provides an overview of the Preliminary Design Review Package in its
design, management program, and major risks.

2  Science Case

2.1   Wavelength/ Imaging Role

The assignment of roles to the spectroscopic instruments of a telescope requires a
consideration not only of the wavelength
range and resolution, but also of how one
multiplexes both spectral and spatial
information (a 3D datacube) onto a 2D
detector with limited pixels.  We propose a
re-assignment of the roles given to the LRS,
MRS, and HRS on the HET telescope, where
the prime focus instrument provides low
resolution, and higher resolutions are
delivered by fiber instruments (Figure 1). 
Instead, the prime focus instrument should
take advantage of its direct access to the focal
plane and maximize spatial coverage at the
possible expense of spectral range, while
offering the largest possible wavelength and
resolution range achievable within the
constraints.  The PFIS would emphasize

� Very high throughput, low - medium spectral resolution without cross-dispersion.  

� Exploitation of the  SALT UV sensitivity.  

� Exploitation of the large SALT field with multislits and Fabry-Perot.
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2.2   PFIS Niches

Scientific niches which this instrument would exploit are

� UV spectroscopy (3100 - 4000D).  This is rare on large telescopes.  It provides access to
a number of crucial astrophysical features, such as CaII H,K,   [OII] 83727,  the Balmer
Jump, Bowen Lines in high excitation objects  (OIII 83133, 3343, 3444), processed
material lines in objects like novae ([NeV] 83340, 3425), and the strongest line in comets
following Ly": OH 83090.  It is also important to realize that the these wavelengths
provide the lowest-redshift ground-based access to redshifted vacuum UV features like
MgII 82800 (for z = 0.1 - 0.4), the 82200 Bump (z = 0.4 - 0.8), and Ly"  (z = 1.6 - 2.3).

� High throughput, medium resolution spectroscopy.  The signal/ noise gain from the
aperture of a large telescope is largest when one is not sky background limited, so that
high throughput at higher resolution represents an advantageous goal for a telescope like
SALT.  Also, the scientific territory covered by line profile studies at medium resolution
(R < 10000: )v > 30 km/s) includes galaxy kinematics, stellar envelopes, and many other
programs, whereas low resolution (R < 2000: )v > 150 km/s), is limited to objects with
large internal motions, such as QSO's and Supernovae.  High throughput, medium
resolution in first order will be implemented using Volume Phase Holographic (VPH)
gratings.

� Fabry-Perot imaging spectroscopy.  Very much within the philosophy of "maximize the
spatial coverage" is Fabry-Perot spectroscopy, which uses all of its pixels for space, and
scans to obtain a fully sampled 3 dimensional datacube.  We propose to implement a
double-etalon system, the first on a large telescope, which will allow resolutions from 500
to 12,500 over a full octave in wavelength.  On a telescope the size of SALT, this provides
a high-dispersion, high spatial resolution diffuse-object capability with an net efficiency
that exceeds slit spectroscopy by more than an order of magnitude, because the detector
pixels are more efficiently multiplexed.

� High Time Resolution Spectroscopy.   Because of the scientific interests of some of the
anticipated user community, and also because this part of astrophysical parameter space 
is poorly explored, PFIS intends to enable high time resolution spectroscopy.  Many
galactic objects vary on time scales of ~100 seconds (compact pulsating stars such as
white dwarfs and subdwarfs) to tens of seconds (quasi periodic oscillations in interacting
binaries) to seconds or even less (flares on M stars, optical counterparts of X-ray bursts on
Low Mass X-ray Binaries, eclipses of accretion regions in magnetic cataclysmic
variables).  The critical enabling technology is the management and speed of the detector
readout.

� Spectropolarimetry.  This is also very rare on large telescopes, and the niches above
intersect with a polarimetry niche in interesting ways.  For instance, UV spectro-
polarimetry provides access to the most important stellar spectropolarimetric feature, the
Balmer Jump.  Next, medium resolution spectropolarimetry (both grating and Fabry-
Perot) on a large telescope will for the first time provide useful polarimetric line profiles;
the polarized flux profile from dynamic scattering envelopes (e.g. 0 Car, NGC 253)
provides unique access to doppler velocity information in three dimensions.  Finally, the
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availability of multiobject spectropolarimetry will enable unique spectropolarimetric
surveys of crowded regions available to SALT, like the Galactic plane and the Magellanic
Clouds.

The instrument should also provide for future niches via planned upgrade paths:  First, the
possible future availability of echelette VPH gratings would provide for a fuller spectral
coverage at the higher resolutions.  Second,  provision for a future IR beam (0.85 - 1.7:)
would carry the PFIS capabilities into a new regime and allow a unique simultaneous
visible-IR capability.

3 SALT Consortium Questionnaire Results

In order to elicit from the SALT consortium the range of scientific programs that would be
performed on such an instrument, to gauge interest in the various proposed niches, and to
help select the filter, grating and etalon complement, a questionnaire was circulated to
SALT Science Working Group members.  A total of 27 responses were received,
representing all consortium members (except for Dartmouth, which joined after the
questionnaire was compiled).  Here we summarize the questionnaire results.  Further
detail may be found on the Web at http://www.sal.wisc.edu/~khn/salt/index.htm.

3.1  Programs and Niches

Table 1 summarizes the distribution types of program listed in the questionnaires.

Class Grating Fabry-Perot Polarimetry
Solar System 3 2 2
Stellar 23 3 12
ISM/ IGM 2 5
Galactic 2 6 1
LMC 2 2 1
Galaxies - nearby 12 6 1
Galaxies - distant 9 2
AGN 7 3 3

High - Speed 8 2

The consortium has a strong stellar and a strong external galaxy emphasis.  Multi-object
observations are spread among the different types of observations.

3.2  Resolution and Wavelength Coverage

Spectral resolution and wavelength coverage requirements are critical inputs into the
optical design and the choice of gratings and Fabry-Perot etalons. The questionnaire
presented a grid of resolution vs wavelength.  Figure 2 illustrates the number of positive
responses for this grid, for grating spectroscopy, Fabry-Perot spectroscopy, and spectro-
polarimetry.  For all three modes, the low resolution programs require good response over
the whole proposed wavelength range, with response in the blue and UV especially
important for spectropolarimetry.  This supports the attempt to maximize blue/ UV
response. For grating spectroscopy, the highest resolutions are desired in the red, which is
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Figure 2.  Programs in resolution vs wavelength space

relatively easily accomplished with a judicious choice of VPH gratings.  The number of
low resolution grating responses leads to the addition of a conventional 300 line
transmission grating to the grating complement.  For Fabry-Perot, the required wavelength
coverage is more restricted, and the higher resolutions (requiring a double-etalon
configuration) are favored.  Low (single-etalon) programs are not well-represented.  The
difficult choice of Fabry-Perot coatings, which restrict wavelength coverage to less than a
factor of two in wavelength, is discussed further in the Fabry-Perot Design Study
Document.  The spectropolarimetry programs are bimodal: low-to medium resolution
programs require good response down to the atmospheric limit, while the highest possible
resolution programs are clustered in the red.

4  Design Concept

4.1   Enabling Technologies

The proposed design takes advantage of several new technologies:  First, VPH gratings,
which have a number of important advantages over conventional "surface relief"
transmission and reflection gratings:

�  Very high efficiency VPH transmission gratings are available.  This allows a very
compact, efficient, all transmissive system with a simpler camera.

�  VPH gratings are relatively efficient at high diffraction angle, allowing for higher
resolution in first order

�  Rotating the grating and the camera "tunes" the VPH blaze efficiency peak over a factor
of two in wavelength, providing the highest possible efficiency with a small number of
gratings.  This does, however, entail the complication of an articulation mechanism for the
camera.

VPH gratings were deployed first by the LDSS++ instrument on the AAT; spectrographs
with articulated cameras are planned for new spectrographs on SOAR and Magellan.
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Figure 3.  PFIS optical layout.  () = removable.

A second technology which extends the capabilities of slit spectrographs is "Sol-Gel"
antireflection coatings.  Traditional ultraviolet multilayer AR coatings are limited to 3200
- 8000 D, and degrade rapidly beyond these limits, becoming worse than no coating at all. 
We would like to extend the PFIS visible beam to 9000D to cover the CCD range, and
would like to preserve the simultaneous IR beam  upgrade by ensuring that the surfaces in
common with the two beams (the collimator) have acceptable throughput in the infrared. 

4.2   Optical Design

The SALT telescope will provide an 11m telescope pupil at F/4.2, and an eight arcmin
field of view, with direct access to the prime focus telescope focal plane.   Nominal
resolutions assume a slit matching the median zenoth SALT seeing of 0.9 arcsec
(FWHM).  Design goals are

� Coverage 3200 - 9000 D.  Maintain simultaneous IR beam (8500 D - 1.7:) upgrade
possibility.

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

� UV Crystals and fused silica only for
3200D throughput.

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

� Images < 0.30 arcsec over the full
wavelength range without refocus. 
This allows for a reduced 0.5
arcsec slit, with resolution up to R
= 12000.

The design will allow lateral color
(about 1 arcsec currently), since it is
assumed that broadband imaging will
be performed by the SALT scientific
grade acquisition camera. 

The current PFIS optical design
concept is shown in Figure 3. The
detector will be a mosaic of three
Marconi/ EEV 42-80 (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
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sampled for unbinned readout.  We baseline the EEV "Astronomy broadband" coating,
which maximizes the blue throughput, with "deep depletion" silicon, which improves the
NIR response and much improves the fringing.  The controller will be a San Diego
"Leach" Controller with 6 outputs.  A standard readout would be binned 2×2 and read out
at 100 kpix/s, giving readout noise of 3 e- and a readout time of 12 seconds.  The chips
will provide a separately-clocked image and storage region, allowing frame transfer
readout for high time resolution spectroscopy.

The camera design is driven by the fast speed (F/2.2), the large field of view (18°), and the
large wavelength range.  The current design has 12 elements in 5 groups.  The main
materials are fused silica, CaF2 and NaCl; the latter is used only as the center element of
sealed triplets, for protection from water vapor.  The second element is Schott FK5, which
has good UV throughput.  The crystal quartz field 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 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 will be on simple
pneumatic driven slides.  The VPH mechanism is a jukebox of 6 gratings.  A standard
Prontor 150mm shutter is just before the dispersors in the collimated beam.

The polarimetric optics utilizes a "wide-field" design which is compatible with spatial
coverage maximization.  The modulator is a 105 mm rotating superachromatic waveplate
near the beam waist in the collimator, providing a field of 8 arcmin.  It is a mosaic of 16
26 mm plates.  Both ½ and ¼ wave plates may be inserted. The analyzer is a polarizing
beam-splitter inserted near the pupil after the dispersors.  It is a mosaic of nine 70 mm
Calcite Wollaston prisms.  This system splits a 4×8 arcmin field into two oppositely
polarized fields separated by 4 arcmin perpendicular to the spectral dispersion .  It should
be noted that the amount of splitting is color-dependent, which rules out broadband
polarimetric imaging of diffuse objects.  It will, however perform multiobject or longslit
spectropolarimetry, narrowband (e.g. Fabry-Perot) polarimetric imaging, and will have a
unique very low resolution spectropolarimetric imaging mode, using the beamsplitter
chromaticism as dispersion, capable of simultaneous spectropolarimetry on hundreds of
point objects.

The collimator design is driven by the fast telescope focal ratio, the large field of view,
and the closeness of the entrance pupil.  The current design is a flat-field design using nine
elements in five groups.  Only fused silica, CaF2,, and NaCl and BaF2 are used.  A fold
mirror before the final doublet keeps the instrument within the 1m length envelope, and
would be replaced by a dichroic for the IR beam addition.  System focus adjustment
would be provided at this doublet. 

At the telescope focal plane will be a slitmask jukebox which will accommodate a
combination of carbon-fiber laser-milled masks and aluminized metal on-axis longslits. 
The carbon-fiber masks will be similar to those on Gemini GMOS.  Up to 50 of these can
be loaded into the magazine, so that access to change the slitmasks is not expected to be
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Figure 4.  PFIS structure

needed more often than once per week.  The metal slits would be tilted so that a slit-
viewing system feeding the SALT acquisition camera can aid in acquisition and guiding. 
Acquisition through the carbon-fiber slitmasks will use the SALT acquisition camera,
followed by blind pointing and peak-up, similar to the techniques used on similar
facilities.

4.3   Structure and Interface

The envelope is a cylinder 1.5m long × 3 m in diameter, centered on the focal plane.  The
instrument is mostly above (beyond) the focal plane.  The structure concept (Figure 4) is
based on an open truss of hollow Invar tubes. The camera and collimator elements are
enclosed in thin Invar skins.  The whole structure is mounted to 12 hard points on a 2 m
diameter ring near the focal plane.  For the camera articulation, the structure supports a
main bearing, and a stepper motor/ worm gear mounted on the camera travels along a
large worm wheel, similar to telescope declination articulation.  The structure is designed
to accommodate the current visible beam and a future Near IR beam (assumed to be
identical to the visible beam for the purposes of mass and envelope).  The current
estimated weight for the visible beam instrument (including ballast to simulate the NIR
beam) is 425 kg.  With a NIR beam identical to the visible beam, it would be 475 kg.  

Access is assumed to be rare, perhaps once per week.  The detector will be cooled by
cryocooler, with the compressor located off the telescope.  Access other than repair will
be restricted to slitmask changeouts, plus possible filter, VPH, or etalon changeouts.
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Figure 5.  SALT PFIS efficiency

Figure 6.  On-sky sensitivity comparison - grating spectroscopy

The only electronics mounted on the spectrograph will be the CCD controller. 
Mechanism controllers will be mounted to the telescope top hex, and the etalon controllers
and crycooler within the "igloo" beneath the telescope.  These will be controlled from the
instrument workstation located in the control room  We expect to use Linux/ LabView for
the workstation operating system.  Acquisition will be handled by the SALT acquisition
camera, and an ADC and probes for guiding will be supplied by the PFIP.

5  Comparison with Other Telescopes

The estimated spectrograph/ detector
efficiency is shown in Figure 5.  This
estimate uses Sol-Gel/ MgF2 coatings
optimized for 3200 - 9000 D, LLNL
reflection efficiency for the fold mirror, 
the EEV/ Marconi quantum efficiency
curve for the "astronomy broadband"
coating, and VPH grating efficiency for
R = 4000.  The detector/ spectrograph
efficiency is 62% at peak and 27% at
3200 D.

5.1  UV/ Medium Resolution
spectroscopy

Figure 6 shows a comparison of the
predicted sensitivity on the sky for PFIS
VPH grating spectroscopy for low (R ~
1500) and medium (R = 4000) resolution, compared to the predicted sensitivities of slit
spectrographs on other large telescopes.  For all of these predictions, the resolution is for a
slit width comparable to the mean seeing at the telescope, and slit losses are not included. 
For SALT, we assume 1.25 airmasses of extinction (ZD = 37°), an 11m pupil with  17%
obscuration, a mean 85% illumination of the primary for a ±6 degree track, and one
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aluminum and four LLNL reflections.  We see that PFIS will be comparable to or better
than other instruments over the entire 3200 - 9000 D band, with best performance in the
blue.  Predictions for one 3000 sec observation in the V-band are S/N = 46 at R = 1500
and S/N = 28 at R = 4000 for a V = 22 magnitude object.

5.2  Fabry-Perot Spectroscopy

There are no current Fabry-Perot instruments operating on 8-11 m class telescopes.  The
ARIES instrument being constructed at Rutgers will be compatible with Gemini and will
be available on Gemini-South.  It is very similar to the PFIS FP design, but uses higher
finesse etalons with lower throughput, and will thus have approximately 60 % the
throughput of PFIS FP in double-etalon mode.

Samples of the PFIS-FP capabilities are:

a)  Stellar kinematics:  velocity precision of 1 km/s down to magnitude R=20 in star
clusters using the high resolution etalon, yielding several thousand accurate stellar
velocities in about 2 hours of observing time, enabling studies of dynamical evolution,
core collapse, and central black holes in Galactic globular clusters.

b)  Galaxy formation:  determination of internal dynamics of galaxies during the era of
mergers, out to redshift 0.5, using the medium resolution etalon with typical exposures of
30 minutes.  Studies of the Tully-Fisher relation, galaxy cluster formation and evolution,
and the role of hierarchical merging in galaxy formation.

c)  Detection (S/N=3) of diffuse emission sources down to a surface brightness of 2
milliRayleighs in 15 minutes, enabling studies of Galactic high velocity clouds,
extragalactic HII regions, and Galactic ISM properties.

5.3  High-Speed Spectroscopy

At the world's major observatories, readout times of large CCDs have now come down to
~10-20 sec. To avoid unacceptably low duty cycle, this implies that exposure times must
be tens of seconds or longer. Better time resolution has been achieved in sporadic cases:
Jeffery and Pollacco have achieved time resolved spectroscopy with a cycle time of about
7 sec using a "fast driftscan" readout scheme on the WHT.  High time resolution
spectroscopy with HST has been possible for some years; a recently published example
are spectra of the dwarf nova OY Car obtained with ~6 sec time resolution. However,
amongst optical spectrographs, by far the fastest spectroscopy  is the five night program
on Keck II using an alternative data management system to "listen" in on the transactions
between the SDSU controller on LRIS and its host PC. Tens of thousands of spectra were
obtained on interacting binaries with a time resolution of 72 msec.  PFIS aims to match
this achievement routinely.

5.4  Spectropolarimetry

Three other 8-10m telescopes have spectropolarimetric capability.  The table below
compares their capabilities with the projected capability of the PFIS spectropolarimeter.
(See Polarimetric Optics Design Document for details).  
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Telescope Instrument FOV
(arcmin)

Resolution
8/)8

Wavelength
(Angstroms)

Efficiency
@ 3600

Keck II LRIS R,B 0.4 dia 500 - 2000 3100 - 10000 0.5
Subaru FOCAS 6×3 500 - 3000 3650 - 9000 0.13
VLT FORS1 7×3.5 200 - 1800 3600 - 11000 0

SALT PFIS 8×4 500 - 6500 3200 - 9000 0.43

PFIS will have comparable UV throughput to Keck/ LRIS-B, with a much larger field.  Of
the wide -field spectropolarimeters, PFIS will be the only one with good UV throughput. 
The FOV will be the largest available, and the spectral resolution at least twice as big as
the next largest.  In addition, the Fabry-Perot imaging spectropolarimetry will be unique. 
The future capability for simultaneous visible/ NIR spectropolarimetry will also be
unique.

For spectropolarimetry, we predict 0.3%  accuracy per resolution element at 550 nm for a 
V = 18.5  star at resolution R = 8/)8 = 1500, and for the very low resolution mode (R =
20) for a  V = 20.7  star.

6 Program

The project will be managed, and most of the construction performed, at the University of
Wisconsin Space Astronomy Lab, PI Ken Nordsieck.   SAL has experience in both ground
and space-based instrumentation, including the HST High Speed Photometer, the
Wisconsin Ultraviolet PhotoPolarimeter Experiment (WUPPE) that flew on the Space
Shuttle Astro-1 and -2 missions, the control system of the WIYN 3.5m on Kitt peak, and
the Wisconsin H-Alpha Mapper (WHAM), an all-sky Fabry-Perot survey instrument.  The
SAL experience with space-flight instruments is peculiarly appropriate for the challenges
of the PFIS instrument, which is severely constrained in space, weight, and access.  The
experience in ground-based instrumentation will help to constrain the cost.  The
department also has expertise in spectropolarimetry and Fabry-Perot spectroscopy. 

The Fabry-Perot subsystem will be purchased, tested, and integrated with its insertion
mechanism by Rutgers University (Ted Williams, lead). Williams has designed,
constructed, and operated the very successful Rutgers Fabry Perot (RFP) instrument at
CTIO, which was recently retired after 13 years as a user instrument there.  During its
tenure at CTIO, Rutgers provided on-site support for every observer using the RFP. 
Williams is now building the Advanced Rutgers Imaging Etalon Spectrometer (ARIES)
that will be the successor to RFP and will operate at CTIO, and potentially SOAR and
Gemini South.  Rutgers� Chuck Joseph will also participate in the FP subsystem of PFIS;
he has extensive experience in detector development and space instrumentation, and is a
member of the HST STIS instrument team.  Joseph and Williams were also members of
the Interstellar Medium Absorption Profile Spectrometer (IMAPS) instrument team;
IMAPS was successfully flown from two Space Shuttle missions.

The detector subsystem will be constructed by SAAO (Darragh O'Donoghue, lead) as part
of SAAO's provision of detector packages for all SALT instruments in the initial
complement. SAAO have built up about a dozen cryostats and developed good
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understanding of CCD controllers over the last 20 years.

7 Risks

The major risks of this instrument are judged to be

�  Optics complexity.  With 21 lens elements, fabrication, alignment, and testing is a major
concern.  However, all surfaces are spherical, and the element sizes are with the range
of experience of manufacturers of large refractive optical systems.  See Optical Design
and Fabrication and Test Documents for details

�  NaCl elements.  There is a risk that the NaCl surfaces could degrade due to water
absorption.  This is mitigated by using  NaCl only as center element in a sealed group. 
Also, a similar design is proposed for SOAR, which is undertaking a test of sealing
techniques.  Finally, the collimator and camera housings will be kept under positive
pressure with dry air to further protect the coatings and hygroscopic materials.

�  Weight.  The current weight is above the current ICD requirement of 375 kg.  This will
be mitigated by a combination of weight relief, possible renegotiation of the weight
limit, and (if necessary) descoping of instrument capability.

�  Camera articulation is a risk because of the added complexity and weight.  However,
many such devices are now in planning, and we can benefit from others' experience.

�  Cost.  Mitigate, if necessary, by reduction of field of view, imaging specifications,
detector size, collimated beam size, and first light dispersors and waveplates.


