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Figure 1.  HET and SALT instrument Map

Prime Focus Imaging Spectrograph (PFIS)
a Concept Proposal for the Southern African Large Telescope (SALT)

K.  Nordsieck

1.  Summary

The University of Wisconsin - Madison, together with the possible partners of Rutgers and SAAO, proposes
to build a Imaging Spectrograph for the Prime Focus Instrument Package of the SALT telescope.  The PFIS
would specialize in very high throughput low and medium resolution  (R = 500 - 13000) spectroscopy and
spectropolarimetry from 3200 to 8500 D, using an articulated camera and Volume Phase Holographic gratings
and a double etalon Fabry-Perot system.  With a peak efficiency above 65% and a 3200 D efficiency above
30%, it would be unique among or superior to existing 8-10m telescopes in the UV, in medium resolution
spectroscopy, in Fabry- Perot spectroscopy, and in spectropolarimetry.  The total estimated cost is 3.2 M$.

2.  Introduction

The University of Madison - Wisconsin has prospective SALT observation programs which span topics from
Stellar Astrophysics to Cosmology.  All of these programs make good use of a large field multi-object
spectrograph, and most require resolutions not exceeding approximately R = 15,000.  A number of them
would benefit greatly from an ultraviolet capability.  We propose to build a Prime Focus Imaging
Spectrograph ("PFIS") which would provide very high throughput low to medium resolution spectroscopy
from the UV to the near-IR.  

The Space Astronomy Lab at the UW 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 (1×1.5m), weight (~200 kg), 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 (along with proposed partner Rutgers), allowing exploitation of several large
scientific niches.

3.  Science Case

3.1  Instrument 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 (3D datacube) onto a 2D
detector with limited pixels.  We propose a re-assignment of
the roles assigned to the LRS, MRS, and HRS on the HET
telescope, where the prime focus instrument was assigned low
resolution, and higher resolutions were assigned to 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 coverage, while covering 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.  
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• Exploitation of the large SALT field with multislits.

3.2  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), useful for galaxy kinematics, stellar
envelopes, and many other programs, is much larger than for low resolution (R < 2000: )v > 150 km/s),
appropriate for 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.  Resolution would be limited only by practical etalons, perhaps R = 1000 - 250,000
(although the practical field of view becomes small for the higher resolutions).  On a telescope the size of
SALT, this provides a high-dispersion, high spatial resolution diffuse-object capability with an efficiency that
exceeds slit spectroscopy by more than an order of magnitude, and would be unique for a large telescope.

• Spectropolarimetry.  This is also very rare on large telescopes, and the niches above intersect with a
polarimetry niche in interesting ways.  For instance, UV spectropolarimetry, unavailable on any other large
telescope, provides access to the most important stellar spectropolarimetric feature, the Balmer Jump.  Next,
medium resolution spectropolarimetry 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, M82) provides unique
access to doppler velocity information in three dimensions.  Finally, the 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.

3.3  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 2 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 AAT and SOAR.
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Figure 2.  PFIS Optical Design

A second technology which extends the capabilities of slit spectrographs is "Sol-Gel" antireflection coatings. 
Traditional ultraviolet multilayer AR coatings are limited to 3200 - 7000 D, and degrade rapidly beyond these
limits, becoming worse than no coating at all.  We would like to extend the PFIS visible beam to at least
8500D 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. 
Sol-Gel 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 3200 - 8500 D, degrading to no worse than  2% at 1.7:.  Durability concerns have held back the use
of sol-gel 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.

4.  Design Concept

4.1  Optical Design

The current PFIS optical design
concept (Figure 2) assumes an 11m
telescope pupil and eight arcmin field
of view, with direct access to the
telescope focal plane.  Nominal
resolutions assume the median SALT
seeing of 0.9 arcsec.  Design goals are

• Coverage 3200 - 8500 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 < 0.25 arcsec over the full
wavelength range without refocus.  This allows for a reduced 0.5 arcsec slit, giving up to R = 13000.

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

The detector must be at least 50 mm in the spatial dimension for a reasonable refractive camera speed (f/2) to
cover the 8 arcmin field.  The 0.9 arcsec seeing disk implies 530 spatial resolution elements.  In order to
provide an acceptable number of spectral resolution elements (750 - 1000),  the detector must be 75 - 100 mm
in the other dimension, which requires a mosaic.  We baseline a mosaic of three Marconi/ EEV chips: either
the 42-80 (2048×4096 13.5: pixels) or the 42-90 (2048×4608), into a usable area of  6144×3800 (83×50 mm). 
 The pixels are then 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 unbinned readout.  We assume the EEV UV/broadband coating,
although the 42-90 is also available in a "deep depletion" version, which could be used for the red end of the
spectrum.  We also assume a San Diego "Leach" Controller with 6 outputs.  A standard readout would be
binned 2×2 and read out at 40 kpix/s, giving readout noise of 3.2 e- and a readout time of 26 seconds.  This
system can read out as fast as 1 Mpix/s, giving a noise of 6 e-, and readout time of 1 second (2x2 binning).

The camera is a challenging design due to the fast speed (f/2.2), the large field of view (18°), and the large
wavelength range.  The version shown in the figure has 13 elements in six groups.  The main materials are
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Figure 3.  Dispersors

Figure 4.  PFIS Structure

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 is the only acceptable glass for UV use; less than 5%
is lost in this element at 3200 D.  The field flattener is crystal quartz, which is used for its high index and low
dispersion; grown crystal quartz is available in the required sizes.

The dispersors (Figure 3) are located in the 150mm diameter,
350 mm long pupil.  The pupil will accommodate either two
Fabry-Perot etalons (each 250 mm in diameter and 150 mm
thick), or one VPH grating.  The etalon slides would be simple
pneumatic slides similar to the HET LRS grating mechanism. 
The VPH mechanism is somewhat more complex, due to the
necessity of rotating the grating after it is inserted.  We picture a
VPH "jukebox" slide, separate from an insertion/ rotation device.

The polarimetric optics utilizes a "wide-field" design which is
compatible with spatial coverage maximization.  This design is
used in the UW "HPOL" spectropolarimeter.  All polarimetric
elements are removable through slides (pneumatically actuated). 
The modulator is a single large (60 mm) or 4-mosaic (100 mm)
rotating superachromatic waveplate near the beam waist in the
collimator, providing a field of 5-8 arcmin.  Both ½ and ¼ wave plates would be provided, and each would
have a miniature rotator on the slide.  The analyzer is polarizing beam-splitter located near the pupil after the
dispersors.  It is a mosaic of four 80 mm Calcite Wollaston prisms.  This system splits a 4×(5-8) 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 low resolution slitless spectropolarimetric imaging mode,
using the beamsplitter chromaticism as dispersion, capable of simultaneous spectropolarimetry on hundreds of
point objects.

The collimator design is also a challenge, due to the fast telescope focal ratio and large field of view.  The
current design is a flat-field design using 11 elements in five groups.  Only fused silica, CaF2,, and NaCl are
used.  A fold mirror before the final doublet (using the LLNL enhanced coating) 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.  In the beam waist between the field lens and the negative
element are three filter wheels (total of 18 filters), the waveplate slide, and the shutter.  The filter wheels are
mounted on a common axis and driven by stepper motors on the periphery.  The shutter would be a standard
100mm Prontor model. 

The nature of the slit mechanisms should be an object of study.  This does not couple strongly to the rest of
the design (apart from space, weight, and cost), but will determine
the spatial multiplex capabilities, crucial for this instrument.  Slit
mechanisms which will be considered will be:  1) Slitlets as in the
HET LRS; with the increased SALT field of view, about 30 slitlets
can be accommodated.  2) Slitmasks, produced offline and loaded
into a jukebox mechanism periodically.  And 3) electronically
controlled arrays such as are being studied for the NGST.

4.2  Structure

The structure concept (Figure 4) is based on an open truss of hollow
Invar tubes, a technique used in SAL sounding rockets.  For the
camera and collimator, the invar tube optical bench is enclosed in
cylindrical aluminum skins.  The whole structure is supported by an
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Figure 5.  Predicted Efficiency

Figure 6.  VPH R vs Wavelength

external Invar tube truss, mounted to three hard points, which we assume to be near the focal plane.  The
dispersor mechanisms are housed within an aluminum box which is not part of the structure load paths.  For
the camera articulation, the main structure supports two bearings, and a stepper motor/ worm gear mounted on
the camera travels along a large worm wheel, similar to telescope declination articulation.  A very crude
weight estimate totals 193 kg.  Given the lack of margin for a 200 kg goal, we suggest that a 250 kg goal is
more appropriate.

4.3  Performance/ Capability

A preliminary optimization of the optical design yields images which
have 50% enclosed energy roughly within 30: (2 pix; 0.25 arcsec),
as desired.  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,
90% peak efficiency for the VPH dispersor, and the EEV/ Marconi
quantum efficiency curve for the "astronomy broadband" coating. 
The efficiency is 68% at peak and 32% at 3200 D.  Figure 6 shows
the resolution - wavelength space accessible by four possible VPH
gratings with the indicated groove spacings, with the camera
articulated through the angles shown on the right.  Resolution
approaches 6500 at the largest practical tilt. The coverage in first
order is indicated for spectra centered at 6000 D.  For a 0.45 arcsec
slit, this figure is identical except that the resolutions are doubled,
for a maximum of R = 13000.  

Assuming 1.25 airmasses of extinction (ZD = 37°), an 11m pupil
with  18% obscuration, and one aluminum and four LLNL
reflections (see Figure 5, total), predictions for one 3000 sec
observation are as follows: For VPH spectroscopy S/N = 100 at R =
500 and S/N = 10 at R = 12000 is obtained for a V = 22 magnitude
object.  For a double-etalon Fabry-Perot at R = 2500 we predict
kinematics to a few km/s to V = 18 over a field of 3.5 arcmin, and
H" emission sensitive to 0.1 Rayleigh in each resolution element, or
0.01 Rayleigh averaged over the field.  For spectropolarimetry, 0.3%
accuracy to V = 19.5 (R = 500) and 15.5 (R = 12000), and for the
slitless survey mode 0.1% accuracy to V = 19 (R = 20).

5.  Telescope Interface

The instrument will access the telescope focal plane directly (not via a fold).  The assumed envelope is a
cylinder 2m long × 2.5 m in diameter, centered on the focal plane.  The instrument is mostly behind (beyond)
the focal plane.  As described above, a reasonable weight for this instrument is 250 kg; with the addition of an
infrared beam, roughly 375 kg.

Access is assumed to be rare, perhaps once/ week.  The detector will be cooled by cryocooler, with the
compressor located off the telescope.  Access other than repair will be restricted to filter changeouts (should
be rare due to the large number of filter slots), and VPH or etalon changeouts if more are purchased than can
be accommodated in the existing selectors.

The only electronics mounted on the telescope will be the CCD controller, etalon controller, and the
mechanism controllers.  These will be controlled from the instrument workstation located in the control room
by serial cables; there will be no computer on the telescope.  We expect to use Linux for the workstation
operating system.  The Leach controller is supplied with a Linux-compatible software package.  The
workstation will support an extensive engineering telemetry stream, which will be available for remote
eavesdropping via the internet and for archiving to support after-the-fact troubleshooting.
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Figure 7.  PFIS Project Schedule

Item No $K tot Basis wt (kg)
Lenses 24 240 Guess 29
Etalons 2 360 Queensgate 34
VPH 4 100 ATLAS guess 7
Polarimetric 1 160 KLC ROM 5
CCD 4 280 Marconi .5
Ctrlr 1 28 Leach

Total 1168 76

Table 1.  Major items cost and weight

Staff (person-yr) Cost (Mar '98 $US)
00/01 01/02 02/03 03/04 Staff Cap Total

SAAO CCD 0.5 1 2 1 225 300 525
Rutgers Dispersor mech 0.5 0.5 1 1.5 350 400 750

UW Program Manager 0.5 0.5 0.5 0.5
Instrument Scientist 1 1 1 1
Systems 0.5 0.5 0.5 0.5
Mech 1 1 1 1
Elec 0.25 0.25 0.25 0.25
S/W 0.25 0.25 0.25 0.25

UW Tot 3.5 3.5 3.5 3.5 1400 500 1900
Total 1975 1200 3175

Table 2.  Staffing and ROM Budget

6.  Acquisition and Guiding

We assume that acquisition will be handled
by the SALT acquisition camera, and that an
ADC and probes for guiding will be supplied
by the PFIP.

7.  Program/ Cost

The PI will be K. Nordsieck, with R.
Reynolds and M. Bershady providing
subsystem oversight.  The overall
management, integration, and testing would
be performed at Space Astronomy Lab, with
help from the UW Space Science and
Engineering Center (SSEC).  Possible
partners within the SALT consortium are
Rutgers (T.  Williams), which would be in charge of the Fabry-
Perot and possibly the dispersor mechanism box, and SAAO, which
would be in charge of the CCD.  Figure 7 and Tables 1, 2 show a
rough schedule and a manpower/ cost estimate.

8.  Risks

The major risks of this instrument are judged to be

•  Optics complexity.  With 24 lens elements, fabrication,
alignment, and testing are a major concern.  However, all
surfaces are spherical, and the risk may be minimized by
fabricating and testing the most difficult groups first, so that the remaining elements may be re-optimized.

•  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.

•  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, red spectral
range, and first light dispersors.


