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ABSTRACT

Linear spectropolarimetry of spectral linesisaneglected fieldin astronomy, largely because of thelack of instrumentation.
Techniques that have been applied, but rarely, include investigation of the dynamics of scattering envel opes through the
polarization of electron- or dust-scattered nebular light. Untried techniques include promising new magnetic diagnostics
like the Hanle Effect in the far-ultraviolet and magnetic realignment in the visible. The University of Wisconsin Space
Astronomy Lab is developing instrumentation for such investigations. In the visible, the Prime Focus Imaging
Spectrograph (PFIS) isafirst light instrument for the Southern African Large Telescope (SALT), which at an aperture of
11m will bethelargest single telescopein the Southern Hemisphere. Scheduled for commissioning in late 2004, PFISis
a versatile high-throughput imaging spectrograph using volume-phase holographic gratings for spectroscopic programs
from 320nm to 900nm at resolutions of R=500 to R=6000. A dual-etalon Fabry-Perot subsystem enables imaging
spectroscopy at R=500 and R=3000 or 12,500. The polarization subsystem, consisting of a very large calcite polarizing
beam-splitter used in conjunction with half- and quarter-wave Pancharatham superachromatic plates, allow linear or
circular polarimetric measurementsin any of the spectroscopic modes. IntheFUV, theFar-Ultraviol et SpectroPol arimeter
(FUSP) is a sounding rocket payload, scheduled for its first flight in 2003, that will obtain the first high-precision
spectropolarimetry from 105 — 150 nm, and the first astronomical polarimetry of any kind below 130 nm. The 50 cm
primary mirror of thetelescopeisF/2.5. At the primefocusarethe polarimetric optics, astressed lithium fluoriderotating
wavepl ate, followed by asynthetic diamond Brewster-anglemirror. Thespectrometer usesan aberration-corrected spherical
holographic grating and a UV-sensitized CCD detector, for a spectral resolution of R=1800.

K eywor ds: linear spectropol arimetry, volume-phasehol ographi c gratings, Fabry-Perot spectroscopy, wavepl ates, ultraviol et
polarimetry, brewster polarizers

1. INTRODUCTION

Spectropol arimetry of astronomical objects beyond the Sunistill largely confined to relatively low spectral resolution (R
=500 — 2000). Studies of polarimetric line profiles are rare except for greatly doppler-broadened lines like QSOs and
bright supernovae. The primereason ismainly photon statistics—strong linesarerequired to obtain adequate polarimetric
precision, and going to high spectral resolution rapidly uses up precious photons. But a second obstacle has been the
limited number of reliably interesting line effects so far seen, at least for the strong lines we can observe. We believe that
new instrumentation is required to explore this territory, in which alarge number of interesting effects have yet to be
exploited. Some of these effects are:

» Three-dimensional "polarimetric tomography" through the observation of unpolarized lines scattered by a dynamic
envelope of dust or electrons. Classic examples of such studies are M82' and 1) Car? , which use painfully compiled
polarimetric profiles of strong lines as a function of position in anebula. A wide-field high resolution spectropolarimeter
would greatly aid such studies.

» Magnetic fidl ds through the linear polarization of resonance lines® . One such effect, the "Hanle Effect”, has been used
for the Sun but never beyond. It is sensitiveto fields down to 1 G, but the strongest applicablelines (CIV, NV, SilV) are
in the ultraviolet —thisawaitsa UV spectropolarimeter. A related effect, "magnetic realignment”, is sensitiveto pG fields
and works on visible lines like NaD, but the expected applications arefor faint nebulae requiring a large telescope and an
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imaging spectropolarimeter.

This paper describes two instruments now being built that are designed to explore this new territory.

2. SALT IMAGING SPECTROPOLARIMETER

2.1 Summary

TheSouthern African Large Telescope(SALT)*®isan 11m tel escope based on the Hobby-Eberly Tel escope® concept, where
a segmented spherical primary mirror is at a fixed elevation and celestial objects are tracked by moving the prime focus
platform. ThePrimeFocusImaging Spectrograph (PFIS) will bethe major instrument at the primefocus. The PFISoptical
system (Figure 1) consists of a collimator that accommodates an 8 arcmin diameter F/4.2 beam over the wavelength range
320 nm — 1.7 pm. The 150 mm diameter collimated beam contains either Fabry-Perot etalons or a Volume Phase
Holographic (VPH) transmission grating. When using the VPH gratings the camerais articul ated around the grating axis
to take advantage of the tunable blaze of the grating. The visible wavelength camera focuses the wavel ength range 320
—900 nm at F/2.2 onto afocal plane array of three 4096

X 2048 CCD's. Provison is made for a future Filters Focus (Polarizing
simultaneous Near InfraRed (NIR) beam, using a \ beamsplitter
chromatic beam-splitter before the last doublet of the ——;V\:HY m — -
collimator, aNIR collimator doublet, and a NIR camera. - | :}Zi/ = i
A more detailed description of the PFIS optical design is /1 e A —— — i
given elsewhere’. —
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Next, medium resol ution spectropolarimetry (both grating
and Fabry-Perot) on a large telescope will for the first
timeprovideuseful polarimetriclineprofiles. Finaly, the

Figure 1. SALT/PFIS Optics. () - removable
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availability of multiobject spectropolarimetry will enable unique spectropolarimetric surveys of crowded regions available
to SALT, like the Gal actic plane and the Magellanic Clouds. Provisionismadefor afuturelR beam (0.85—1.711), which
would carry the PFIS capabilities into a new regime and allow unique simultaneous visible-IR spectropolarimetry.

2.2 Polarimeter Optical Design

Modern spectropolarimeters consist of two elements, a polarization modulator, which modul ates the polarization state of
the beam in time, and a pol arization analyzer, which defines which polarization state is passed to the detector. Often the
analyzer is apolarizing beam-splitter whose two output beams are detected simultaneoudly 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 variationsin atmospheric transparency and in the opticsare cancelled out in the differential
measurement. The placement of the beam-gplitter 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 athin-film
interface that passes one sense of polarization and reflects the other, leading to two parallel beams displaced by a small
amount perpendicular to the spectral dispersion. Becauseof thesmall displacement and thelength of such prisms, thefield
of view cannot be very large, and these are generally used for stellar or compact objects. The other choiceisto place a
birefringent beamsplitter in the collimated beam, which causes the two orthogonaly polarized beams to diverge
perpendicular to the spectral dispersion; the spectrograph camera focuses the two beamsinto displaced spectra. Thelatter
has been chosen for PFIS because of the desireto make use of thelargefield of view of the SALT tel escope for multi-object
spectropol arimetry and spectropol arimetricimaging of diffuseobjects, both withtheVVPH grating, and, uniquely, the Fabry-
Perot etalons. The prism isaWollaston 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
avery large (a 120 mm cube) crystal quartz Wollaston prism (prism angle45°). Thishasthe advantagethat crystal quartz
isvery transparent, so that it has good throughput. The disadvantageisthat the birefringence of this material is so small
that even with such athick prism, the deviation is much smaller than thefield diameter. In FORSL1, spectropolarimetry
requires a"Venetian blind" ditmask that provides a shadow for each 22 arcsec dot to be doubled into two images. This
isinefficient becausethe dot filling factor must be lessthan 1/2 to prevent beam overlap. Such avery large piece of quartz
isalso extremely expensive becauseit istoo large to be grown synthetically — a natural piece of very high quality must be
found. PFIShaschosen theother possibility, athin calcite prism. Calcite hasavery large birefringence, so that a modest
prism angle servesto split the field of view into two completely separate halves. The PFIS prism, with an angle of 14.3°,
splitsa4x8arcminfieldintotwo oppositely polarized fiel ds separated by 4 arcmin perpendicul ar to the spectral dispersion.
Thedisadvantage of calciteisthat it isonly available naturally, in rather small piecesthat are not astransparent asquartz.
For PFIS, the calcite prism is a maosaic of nine prisms, each one of which is 1/3 the aperture and thickness of a monalith.
Theincreased efficiency of the use of thefield of view isbal anced by the decreased throughput of the cal citeand themosaic,
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.
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Ancther factor to be considered for the beamsplitter is that no ~

birefringent material has a wavel ength-independent birefringence
—the splitting is wavel ength dependent, so that every point source
isactualy split into two oppositey-directed spectra. Thisisnot a
large effect for the FORSL1 quartz prism, becausethe splittingisnot -
large, but it is an important effect for calcite. For PFIS, this
dispersion is (figure 2) 25 arcsec from 320 to 900 nm. Thisrules
out broadband polarimetricimaging of diffuseobjects, especialyin
theblue, wherethedispersionislargest. Since PFISisspecializing
in spectroscopy, thisis not judged to be a serious disadvantage. It
also can be used to advantage, since without any dispersorsin the
beam, the polarizing prism provides enough spectral dispersion on
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Figure 2. Beamsplitter chromatic dispersion
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itsown to createa unique very low resol ution spectropol arimetricimaging modeall owing simultaneous spectropol arimetry
of hundreds of faint objects.

ThePFISmodulator isarotating superachromatic wavepl ate near the beam waist in the collimator. Both half- and quarter-
wave plates may beinserted. The half-wave plate accepts the full 105 mm beam, providing a field of view of 4x8 arcmin
for linear spectropolarimetry. It isamosaic of four 52 mm plates. The quarter-wave plate is a single 60mm el ement,
providing afield of view of 3.9x4 arcmin for circular or all-Stokes spectropolarimetry.

2.3 Performance
Three other 8-10m tel escopes have spectropolarimetric capability. Table 1 below compares their capabilities with the
projected capahility of the PFIS spectropolarimeter.

Table 1. Comparison of large tel escope spectropolarimeters

Telescope Instrument FOV Resolution Wavelength Efficiency
(arcmin) AAL (nm) @ 360nm
Keck Il LRISR,B® 0.4 dia 500 — 2000 310 — 1000 0.5
Subaru FOCAS" 6%3 500 — 3000 365 — 900 0.13
VLT FORS1Y™ 7%3.5 200 — 1800 360 — 1100 0
SALT PFIS 8x4 500 — 6500 320 — 900 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 bethelargest 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
= MAA = 1500, and for the very low resolution mode (R = 20) for a V = 20.7 star.

2.4 Operational Modes

The waveplate modulators are to be used in three modes, linear, circular, and "all-Stokes' mode. For ease of operation,
the waveplates are in the same order in all modes, half-wavefirst. Table 1 givesthe 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.

Table 2. Waveplate positions

Linear Circular All-Stokes
12 A 14 A 12 A 14 A 12 A 14 A
0 - 0 +45 0 0
45 - 0 -45 225 33.75
225 - 225 -45 45 67.5
67.5 - 225 +45 67.5 101.25
11.25 - 45 +45 90 135
56.25 - 45 -45 112.5 168.75
33.75 - 67.5 -45 135 202.5
78.75 - 67.5 +45 147.5 236.25
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Linear polarization mode uses just the half-wave plate in a standard sequence, with exposure pairs corresponding to 90°
pol arization position angle rotations (half-wave plate rotated 45°). Thefirst four positions are sufficient to determinethe
two linear polarization Stokes parameters, and could be used for faint objects where there may not be time for eight
exposures. Theremaining four positionsgivearedundant estimate of the Stokes parameters, which isuseful for estimating
systematic error for high precision work.

In circular polarization mode, both waveplates are used: the quarter-wave plate is alternated between the plus and minus
45 degreeposition, which convertscircular polarization intolinear polarization aligned and orthogonal tothebeam-splitter
polarization axis. The half-wave plateis used to rotate the axis of theincoming linear polarization to different anglesto
cancel out the effectsof linear to circular conversion inthewaveplates. Thistechniqueisusedin al high precision circular
polarimetersto measure small polarization dlipticities (small circular in the presence of largelinear polarization) such as
aretypical in interstellar polarization and dust scattering nebulae. Thelinear to circular conversion in the optics before
the modulator will be calibrated using objects of known polarization.

In"al-Stokes' mode, both wavepl ates are advanced with constant angul ar steps, causingthelinear and circular polarization
to modul atetheintensitiesat the detector with differing frequencies. Thiswould beused for objectswith comparablelinear
and circular polarization (e.g. magnetic CVs), and especialy for high timeresolution sampling. Theoriginal all-Stokes
mode suggested by Serkowski'? uses a quarter-wave plate followed

by a half-wave plate, each rotating at the same rate in opposite 0.4
directions. Thelinear polarization signal appearsat afrequency of
twiceand four timestherotation rate, and the circular polarization
signal appears at threetimestherotation rate. Thisisnot suitable
here, because the quarter-wave plate is first. We have found an
aternate all-Stokes mode in which the half-wave plateisfirst, and
the quarter-wave platerotates at 3/2 the half-wave ratein the same
direction. Thisresultsin the samefrequency pattern and efficiency
as the Serkowski method.

Track: 0 deg

The maximum speed for any of these modes will be attained with
a "shuffle-and-read" method of detector readout. A single star Track: 4 deg
window is placed at the far end of the dlit, with the rest of the dlit
masked. Each exposureisfollowed 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
possiblein polarimetric modes because the E and O beams occupy
the"image" and "storage” halves of the CCD simultaneoudly. The
maximum ratewill be set by the wavepl ate speed, not the detector.
The current specification isfor a90° rotation in 2 seconds. In all- Track: 6 deg
Stokes mode, the quarter-wave plate is stepped 3/8 of this, taking
0.75 seconds. If thelost duty cycle duetorotation isto be lessthan
10%, the minimum sampletimeis7.5 sec, and eight samplesto get
the stokes parameters will require 60 seconds.

Polarization (%)

2.5 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 0300 500 700 900
spherical aberration corrector result in large angles of incidence,
and wherevignetting in the SAC and by the primary mirror during

Wavelength (nm)
Figure 3. SALT instrumental polarization
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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 betoo large. Experience with other spectropolarimeter systems indicates
that aresidual systematic error of asmuch as 10% of theinstrumental 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(0) was found to be well represented by a single coating with theindex of refraction n and k of
an ideal metal (index k>>n): p(&) ~2sin Gtan dn/k*. Based on this, the LLNL coating actually has alower polarization
than either aluminum or silver alone, except at the shortest wavelengths. Figure 3 illustrates the predicted instrumental
polarization spectrum for the SALT telescope for several field angles and track angles. In these plotsthefield angleisin
the same plane asthetrack angle, which istheworst case. Theinstrumental polarization islessthan 0.1% for field angles
lessthan 2 arcmin, and typically 0.2% for thelargest field angles. Thelargest valueislessthan 0.4%. Based on the above
rule of thumb, we should be able to rdliably calibrate to better than +0.04%. The effect of the track angleis about 0.1%,
smaller than thefield angl e effect, so that modeling thetime-dependent polarization duetothetrack should not be difficult.
We plan to use an empirical instrumental polarization model based on these calculations, with adjustable coefficients
calibrated using unpolarized stars.

2.6 Waveplates

The wavepl ates are to be Pancharatnam "superachromatic” retarders. A singleretardation plateis half- or quarter-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
someangle; the parameters of thisarrangement can also be chosen so that the combination has a specified retardation for
at least two wavelengths. A Pancharatnam "superachromatic" retarder combines these techniques. each of the three
Pancharatnam retardersisan achromatic pair of very thin (150 — 500 micron) plates of MgF, and crystal quartz, yielding
aretarder that is closeto the desired retardation over the entirevisible band. Because of the thinness of the six elements,
the aperture of the plateis limited, and large aperture plates must be fabricated as a mosaic (VLT FORSL has a 100mm
mosai ¢ 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 isthe fast F-ratio of the beam where the waveplates are inserted. The Pancharatnam design isrelatively
insensitive to incidence angles, but for the PFIS beam, serious effects are seen in the UV with awaveplate designed for a
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collimated beam. These effects manifest themsalves in a
reduced effectivepolarimetric efficiency, andin sensitivity to
an asymmetrically illuminated pupil —adefinite concern for
SALT. We have designed Pancharatnam plates specifically
for the PFIS beam (figure 4,5). The efficiency reduction due
to the fast beam is small for the half-wave plate. For the
guarter-wave plate, the design is constrained by the
minimum achievabl ethicknessfor theindividual plates, 250
pm, leading to a larger, but still acceptable, effect.

clear aperture
176 x 212

\

180mm

2.7 Beamsplitter

The polarization analyzer will be a mosaic of calcite
Wollaston beamsplitters (figure 6). 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 20 mm
chosen to be £45° from the dispersion axis, so that the
throughput of the two beams are matched in spite of the

pol arization sensitivity of thefold mirror and thegrating. In

grating spectroscopy mode, every spectrum is split into an E and an O spectrum. Since the beam splitting is wavelength
dependent, the spectraare dightly curved. In Fabry-Perot mode, theimage appearstwice, separated by the splitting at the
selected Fabry-Perot wavelength. Without a dispersor, two images are seen, with each point object stretched into aprism-
dispersion spectrum perpendicular to the usual spectral dispersion, leading to the aforementioned very low resolution
spectropolarimetric imaging mode.

220mm

Figure 6. SALT PFIS Polarizing Beamsplitter

3. FAR-ULTRAVIOLET SPECTROPOLARIMETER (FUSP)

3.1 Science Overview OVI gV PV ciit NV SilvV Clv
A magjor goal of modern astrophysicsis determining how mass dr——

and energy circulate between stars and the interstellar

medium. This crucial process takes place in the circumstellar
environment. The available evidence indicates that neither the
physics nor the geometry of this processis smple, and that
angular momentum and magnetic fields are fundamentally
important. The objective of FUSP isto test potentially
powerful new diagnostics of the dynamics, geometry, and
magnetic field of envelopes of hot objects using
spectropolarimetry in the Far Ultraviolet. Thesetoolswill be
applied to the fundamental question:

Resonancfffe Scattering:

Hydrogéh Rayleighg
Sca:t:teri ng

o -/ - . - r\ o . -
1 Electron Scattering

Log Cross Section / Thompson
|_\

FUSP Baseline Coverage Extensipn

Under what circumstances and how do angular momentum : : : N :
and magnetic fields control accretion and mass outflow in 1000 1100 1200 1300 1400 1500 1600
compact objects? Wavelength (Ang)

Figure 7. Far UV Polarizing Opacities

FUSP is a sounding rocket payload that will obtain high

precision spectropolarimetry from 105 — 150 nm for hot stellar sources, making use of the increased importance of
polarizing opacitiesin the FUV (figure 7). It will measure the polarization produced by el ectron scattering, resonance
line scattering, and hydrogen Rayleigh scattering in the inner circumstellar environment, and thereby quantitatively
constrain the geometry and dynamics of the system. The strength and geometry of the magnetic field will be
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determined from the polarization of resonance scattering through the
Hanle Effect.

3.2 Instrument Design
To the best of our knowledge, useful astronomical polarimetric datain

the Far Ultraviolet (91 135 nm) have never been obtained. A major 219
technical obstacle has been the lack high-efficiency polarimetric Zero-Order
optics. We have now devised a highly efficient polarimetric Sensor

modul ator/ analyzer that works down to 105 nm. Two practical Brewster
astronomical factors suggest incorporation of these elementsinto a Mirror
spectropolarimeter (rather than low-resolution polarimeter): the ubiquity/Vavepl ate
of strong astrophysical absorption and emission linesin thisregion,

which appear to be important in polarizing stellar envelopes, and the CCD
presence of strong airglow and geocoronal lines that must be removed Vacuum -
for useful faint-object work. Port

Figure 8 illustrates the FUSP optical section. The telescopeisa

simple 50 cm F/2.5 parabola: the apertureis the largest that will fitin

a 22 inch (bulbous) rocket skin, and the focal ratio is the fastest that

may be accommodated by the spectropolarimeter. The primary mirror  (Skin not
is cut down to 35 cm (F/3.5) in the direction of the spectral dispersion Shown)
to allow for support structure and to minimize steep reflectionsin the
spectrometer. At the prime focus is mounted the spectropol arimeter

(Figure 9), a sealable housing with the polarimetric elements, grating,

and detector. The detector is athinned, overcoated 1024x1024 Sl Te

[l -t

Primary
Mirror

Support
Ring

Diamond _ CCD, cooled to _
Zero-Order Brewster  ROAING oot -65°C by 0TI primary
Sensor Mirror~, / LIF Waveplate 5 thermo- _ Bulkhead
Fold Mirror — e Electric Cooler. Figure 8 FUSP Telescope

The primary mirror and spectrometer coatings will be LiF
‘ overcoated Aluminum. The entire telescope section may be

Y evacuated or backfilled with dry nitrogen, with the aperture
SPECITOMELEN oopj e by a NASA standard vacuum door. Thisis desirablein
Detector order to preserve the delicate LiF coatings and to provide an FUV
livenesstest in thefield.

Correcting Lens

Grating

Figure9 FUSP Spectropolarimeter The polari'metric modulator isa 1'2 mm sguare, 1 mm thick

stressed-LiF waveplate, mounted just before the focus. The

waveplate is made to be half-wave at 124 nm by applying about 15
pounds pressure to one edge of the plate; polarimetric modulation is
performed by rotating the plate 45°, which rotates the plane of
polarization by 90°. The LiF plate isthe only transmissive element in
the instrument, and resultsin a short wavelength limit of 105 nm.
Stressed-LiF waveplates have been used in the past for [aboratory work
at Ly «®®. The piezo-hirefringence of LiF has been measured down to
120 nm?™%; it increases rapidly as one approaches the UV absorption
edge at 105 nm, which will limit the useful simultaneous bandwidth to
50 nm.

I—-—lh ‘_T. y

The polarization analyzer is an 10 mm square diamond mirror mounted

at the telescope prime focus at an angle of 72.5°, near the Brewster
Figure 10 Diamond brewster mirror
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angle. The materials requirement for Brewster reflection is an index of refraction greater than one. The greater the
index of refraction, the higher the Brewster angle, and the higher the reflectivity at the Brewster angle. Diamond isthe
only known material to maintain n > 1.5 down to 105 nm: in fact it remains above 3 for the entire FUSP range. The
FUSP Brewster mirror (Figure 10) isa 0.5 mm thick CVD artificial diamond fabricated by Drukker International.
Calculation of the polarization efficiency of adiamond mirror in an F/3.5 beam gives 60% at 105 nm, 85% at Ly,
and > 90% above 140 nm. The diamond mirror will be bonded to a substrate that is reflective in the visible so that a
pointing monitor at the zero order of the spectrometer may aid in acquiring the target.

The dispersor isa 10 cm diameter spherical holographic grating (Figure
11) with aradius of curvature of 35 cm and a groove density of 1500
o/mm. It was fabricated by Jobin-Yvon. The spectrograph design uses
aberration correction®” to minimize coma and astigmatism. The mean
rmswidth in the direction of dispersion is 27 microns. Combined with
the rocket pointing blur, the resolution in the dispersion direction is 38u
(1.6 pixels; 0.07 nm) giving R=1800 (165 km/s). Resolution
perpendicular to the dispersion ranges from 2 — 30 pixels (8 — 120
arcsec).

In operation, the FUSP experiment timeline will consist of fairly short

exposures, approximately 10 sec, on each waveplate position. The CCD

readouts would be binned roughly 1x8 pixels (0.04 nm x 30 arcsec) to Figure 11 Aberration corrected Holographic
reduce the readout time to less than 1 second. The CCD will be operated ~ Grating

shutterless: one half of the chip is masked off and the spectral datais

rapidly shifted into this storage region and read out during the waveplate rotation. Like PFIS, eight images with
equally-spaced waveplate angles from 11.25° to 90° will comprise a polarimetric measurement. This should give the
highest possible precision achievable with a one beam device, better than 0.1%. The estimated system effective area
will be 37 cm? at 120 nm, based on mirror efficiencies of 80%, obscuration 20%, brewster reflectivity 35%, grating
efficiency 35%, actual LiF transmission, and detector quantum efficiency 35%. A 300 second exposure on a 0™ (flat
F,) object will give ~ 2.5x10" ph/nm (0.06% polarimetric precision/0.1 nm) at 120 nm.

3.3 Scientific Programg Flights
Three separate diagnostics are to be tested in the FUSP

flight series: Program Target my,  Exp(s) Ai(nm) %Err
) ) Unpol pTau -05 50 1 0.03
* Envel ope dynamics through electron scattering Be {Tau -0.3 300 01 0.05

competing with absorption lines
* Envelope physical state through polarization by
Hydrogen Rayleigh scattering

Hanle ¢ Ori -2.5 200 01 0.02
Hanle € Per 1.0 150 01 01

« Envel ope magnetic field through polarized resonance IntBin  pLyr 2 200 01 016
scattered lines and the Hanle Effect ISM oSco  -05 150 1 002
In many objects several of these are expected to be Table 3 FUSP flight targets

important simultaneously. However, for simplicity, we

will describe only the most important diagnostic with

each object. Table 1 liststhree candidate FUSP flights. Specific targets are shown together with the 133 nm
magnitude, exposure time, required resolution, and the predicted precision, binning the data to that resolution. The
total science exposure time for this payload is predicted to be 350 sec. Thefirst flight isto be on the unpolarized
standard  Tau, and the highly polarized Be star { Tau. Thiswill serve as a performance verification test against
objects of known polarization, and will be afirst exploration of the first two diagnostics. The second flight will be the
first major test of the Hanle Effect magnetic field diagnostic, using the slow and rapid rotator O stars ¢ Ori and & Per.
The third will probably target the interacting binary, B Lyr, and the interstellar polarization target, o Sco.
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