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INTRODUCTIOMN

It = well known that polarimetric measurements give
essential information which is importani in solving
many problems in the physics of the Universe, Such
information cannot be obtained from any other kind
of obscrvations. Indeed, within the optical region, one
may remind that just the discovery and investigation
of intersiellar polarization of siellar light made a
subsiantial contribufion io the ideas on geometry and
compozition of intersteilar dust graing and gave the
first knowledge about the siruciure of the global
magnetic field of the Galaxy; owing to the discovery
of polarization of the continuem radiation from the
Crab ncbula, the nature of this emission was finally
eslablished and the first nonthermal mechantzm of
radiation — synchroiron radiation of relativistic
electrons in magnetic fields — was introduced into
astrophysics; the detection of strong polarization of
the radiation from close binary systems of the
AM Her iype led to the discovery of large-scale
magnetic fields with huge field iniensitles equal 1o a
few tens of megagauss, which is a crucial Facior for
geometry shaping of the system, and cyclotron fre-
quencies turned out to be in the opfical speciral
region, Polarimetric resulis oblained and analyzed till
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the present day showed that such measurements were
very efficient in solving such tasks as the diagnostics
of nonthermal radiation mechanizms, determination
of the spatial struciure of matter and radiation Held
distribution in the objects of small angular sizes, and
determination of the optical, physical, and chemical
properties of circomsteliar, interstellar, and infer-
galactic grains.

Mecessily for solving these fasks — faken separate-
ly and in warious combinations — appears while
sudying very different astrophysical objects — from
comeis and astercids fo guaszars, blazars, and inter-
galactic diffuse matter.

The present-day polarimetry has a substantial gap
just in the uliraviolel spectral region. Polarimeiric
observations in the ultraviolet are much more compli-
cated than analogous ground-based observations in
the wvizible wavelength region. This is clearly secn
from the fact ihal many asirophysical objects seem 10
be different at different frequencies. Thus, for in-
stance, contribution of stellar componenis 1o the wtal
radiation of active extragalactic systems changes sig-
nificantly with wavelength. The wavelengih depend-
cnce of polarimeiric properties of cosmic grains
strongly varies, and the change of wavelength interval
by factor 2 or 3 may result in the replacement of onc
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plasma radiation mechanism by another. Thercfore,
for a belter undersianding of the nature of such
ohjects it 8 necessary to use polarimeiric data both in
the optical and altravielet wavelength regions.

These general reasons may be supported by two
specific facts from the current space research.

l. Two quite unexpected results were obtained in
the course of the Wisconsin Ultraviolet PhotoPala-
rnmeier Experim@®ht (WUPPE! observations lasting
only 8 hours (see below for a detailed description).
First, it was revealed thal the wavelength dependence
of polarization of hot stars in the ultraviolet is
incompatible with the generally accepted model of the
origin of polarized radiation, and sccond, some
peculiarities which are due 10 strong absorption of
polarized radiation by a circomstellar covelope were
detected in the emission spectra of these siars.

2. Practically all devices aboard the Hubble Space
Telescope (HET) initially have had the polarimetric
mades which allow direct images and spectra o be
obtained in polarized hight.

All these reasons make the polarimetric investiga-
tions aboard the Space Telsscope T-170 within the
framework of the SPECTRUM-UV eéxperiment (Bo-
yvarchuk and Tanzi, 1993; Gershberg et al., 1995)
very promising. Using a telescope with a primary
mirror 1.7 m in diameter on the station in a high-
apogee orbit, it is possible to observe much fainter
sources than it was possible in the WUPPE short-time
missions when a ftelescope with a 0.5-m primary
mireor was used, 1o carry oul observations far beyond
the radiation belts and magneiosphere of the Earth,
thus avoiding their negative influsnce on measure-
menls, to make monitoring of weak objects which are
difficult to observe with the HST. SPECTRUM-UV
will have a greal advantage of itz orbit, contrary o
the H3T. This gives us unigque opportunity fo have &
monitoring time of several days for selected object
instead of that of about 20 minutes with HST. Thus
one can see that the Ultraviolet low-resolution
spectropolarimeter  (UVSPEPOL) experiment may
produce results which will significantly exceed other
polarimetric investigations performed or planned for
the nearest decades,

The present document consists of three parts. In
the first part, scientific grounds for the UVSPEPOL
experiment are given: we review the present siate of
polarimelry in the ultraviolet and propose some scicn-
tific tasks which are expected to be solved during this
cxperiment,

In the second parl some design models of existing
ultraviolet polarimeters are deseribed and compared.

In the third part original systems of low-resolution
uliraviolet polarimeter within the framework of the

SPECTRUM-UY experiment concept are considered,

This document is based on the analyses of varions
aspects of this problem which were made earlier at the
Crimean Astrophysical Observatory, Main Astronomi-
cal Observatory, National Academy of Sciences of
Ukraine, and Ceniral Astronomical Observatory, Rus-
sian Academy of Scieaces (Kucherov et al, 1995
Kucherov and Efimov, 1996; Sieshenko, 1996
Gnedin, 19965,

PART 1.

THE FRESENT STATE OF POLARIMETRIC
RESEARCH IN THE ULTRAVIOLET

AND SCIENTIFIC OBJECTIVES

FOR THE UYSPEPOL EXPERIMENT

First polarimeiric measurements outside the atmos-
phere were made in 1966—1972 by T, Gehrels (1974)
with a balloon ultravielet pelarimeter and by
P. Stecher (1971 with a rocket uliraviolet polari-
meter. The parpose of those experiments was o check
the behaviour of the paramefers of interstellar lincar
polarization in the ultravioler. Later a serics of space
experiments followed, with the polarization of the Sun
and the solar corona studied in the wavelength region
120—350 nm (Stenflo e al., 1976 Gountail, 1978:
Stenflo et al., 1980; Miller of al., 1981). As a
continuation of these investigations, a wide-angle
panoramic L, coronograph-polarimeter (Lya CoPo) iz
intensively developed at present in the USAL It s
intended for stdying magnetic fields in active fea-
tures of the solar corona (Fineschi et al, 199);
Hoover et al., 1991, 1992, 1993,

As 1o astrophysical objects beyond the solar system,
excepting a ploncer paper by Gehrels, the firsi large
program on the research of polarization in the wlira-
viole! region was initiated in 1990, These woarks
started and still go on at the Laboratory of Space
Astronomy in the Wisconsin University. In the course
of a 9-day flight of the ASTRO-1 chservalory
equipped with an ultraviolei polarimeter (WUPPE)
aboard the Space Shuttle Columbia polarimetric meas-
urements (E hours in fotal) of more than 20 galactic
and extragalactic objects were carried oul,

There are wide opportunities for polarimetric meas-
urements in the wliraviolet aboard the sucoessfully
working HST. In contrast 1o WUPPE aimed 1o study
the UV polarization of bright objects, the HST
polarimetric facilities were designed 1o make observa-
tions with high spatial resolution and to give the
opportunity 1o observe faint objects,
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1.1, Besults of polarimetric observations
obtained in the WUPPE experiment
and with the HST

The purpose of the ASTRO-1 mission was o study
the polarization of the intersiellar duost, intrinsic
polarization of rapidly rotating Be-stars, polarization
of active galactic nuclel and some other objecis.
Table [ presents the list of principal WUPPE obser-
vattona,

Ultraviolet observations carried out in the WUPPE
experiment were accompanied by precise ground-
based polarimetric measuremenis in the visible

Tahle 1. List of Polarimedric Dbservalions Made in ibe WUPPE

Typen = objees I ibieco Prmripion of ressln
Parimeiric sandands ¥ G,
HI} 25443 Clanytom etnl,, 1992
Sapergianie s Tayhor et al., 1991
aCam Clayson e1al., 1992
x Ol Wordsieck =5 2l., 1994
HI¥ 35677 Schulte-ladbeck sinl,,
19403k
P Cyg Taplor et al., 193]
Be-star T Tan Bforkman edzl., 1901
f Car Bicckman etal., 1993
P Agr Bjorkman g4 al, §991
Wold-lemyen slars EZCMa Srhulte-Ladbeck eial.,
1992a
# Mus Sichulte-Ladbock efal.,
1592a
Rapidiy rowmting sinrs i Flai
W Vel
Whib: dwarf G+ 70 B247
s with @ Aur
chrnmospheric sctivige
Catachvsmic s LK T
Plamsisry mebuki Nz 1538
Refliostive mebula MR TOES
Intersieilar polarization HIF 3790
HD} nxf4z
HI} Q%64
HD 199770 Claywon stal,, 1992
Mol galaxies M 3%
M A3
M V4
M HE
ACTive galaxes Min 335
MEFL [es Cinde wt ul.. 1593
uasams 3C 13
A2

spectral region with a spectropolarimeter of analopous
design at the Pine Bluff Observatory,

By now a large cycle of unique astrophysical
investigations has been performed with polarimeters
aboard the HST, thcy are listed in Table 2 (see
Part 2. In particular, the polarization of (he inter-
stellar dusi, of BL Lac-type objects (blazars), of
selected gquasars and active palactic nuclel (AGNs)
was studied (Allen i al., 1903; Smith e al., 1903a,
1993h; Somerville of al,, 1994),

A bricf review of major resulis from polarimetric
cbservations of galactic and extragalactic ohjects with
the WUPPE and HST is given below,

1.1.1, Extragalactic sysiems

Much attcntion was given in the last decade 1o the
study of various tvpes of active extragalactic ohjecis
— quasars, blazars, and AGNs. The majority of these
objects are characterized by well-expressed variability
of their brightness and polarization. It is believed that
the activity of galactic nuclei is cawsed by the
existence of black holes surrounded by accretion
disks. The significant part of radiation from aciive
nuclei arises in very small volumes, and its maximom
iz usnaily located in the UV region of the spectrum,

The HST polarimeiers allow observations of the
inner parts of AGNs, where major physical processes
occur, Such observations would help essentally 1o
understand the most difficult problems, such as the
nature of central sowrce, struciure and physical
properties of AGNs. the naturc of the physical
mechanisms which are responsible for the observed
spectral features, eic, For example, the large (about
30 %) and variable polarization observed in blazars is
connected with the dominant directional svachrotron
radiation. Many AGNs have polarization which is
usually considerably smaller (no more than 1=2 %),
and its inferpretation is not uneguivocal., Varlous
mechanisms are discussed: scattering of the light of
nuclens on oriented dust particles and electron scat-
tering. In many cases the problem is complicated by
the contribution of nonpolarized radiation from the
gtellar component of the salasy,

Appropriate models can be selected uwsing palari-
metric data in a wide speciral range,

Active galaxies

Some brightest AGMs which are well-studied in the
optical region were selected for polarimefric observa-
tions in the ultraviolet with the HST. At present only
the observations of two AGNs are published: NGO
1068 (tvpe Seyfert 2) and MRK 231 (tvpe Seyfert 1),
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The diiference between the iypes Sevfert 1 and
Seyfert 2 was believed to be caused by the geometry
of the dreumnuclear region which is hidden by an
opticilly thick dust torus. However, K. K. Chavaey
(Crimean Observatory) found that a galaxy of type
Seyfert | changed to type Seyfert 2 during 2—3
months and then refurncd (o (he initial condition,
This behaviour is inconsistent with the gencrally
accepted model.

The mosi exlensive observational run was obtained
for NGC 1068 (Code et al., 1993; Antonucci ot al.,
1994; Capetti et al, 1004; Capetti et al., 1905, This
galaxy iz the brightest one among AGNS, 5o it was
observed in the WUPPE and with the HST.

According to the mode! which was accepled for
NGC 1068, the nucleus of type Seyfert 1 is locaied in
the central region of the galaxy which is obscured by
an opague tors. The axis of svmmetry of the torus
is orieniled parallel fo radio jot direction, Emission
from the broad line region and continuum source may
emerge from the torus poles where @ is scatlered in
" the direction to the observer, This light is partially
polarized during scattering, with the polarizalion
plane perpendicular 1o the axis of symmetry of the
fors.

In the diaphragms from 0.3 to 4.3 the uliraviolet
polarizanion in the wavelength region from 160 nm io
280 nm is about 16 % at a position angle of 97°. From
280 nm w 330 mm the degree of polarization
decreases to a level of about 11.5 %. This can be
explained by the contribution from nonpolarized siel-
lar light of the galaxy ficld, The polarization in
narrow lines is considerably smaller than in the
continuum — Jess than 2 %. The polarization in
different lines was found to vary, 5o, the lines [C 111]
and Mg Il have polarized components, while the
forbidden line [Ne IV ] 2423 nm 45 noi polarized.
These polarimetric observations support the above-
mentioned  standard AGN model, The degree of
polarization slightly varies with wavelength in the
continuum, which suggests that the scallering by
clecirons 15 the main polarication mechanism. Com-
parison of the data obtained with different apertures
indicates that the light scatiering region has a size of
about 17, which corresponds 1o about 10 parsecs.

The high spatial resolution of the HST observations
offers the unique opportunity to investigale the struc-
ture of internal regions in details. The galaxy NGC
168, one of the brightest among active galaxies, is
the most suitable object for such studies, Since its
nocleus is hidden by absorbing matter, an imporiant
problem i5 w delermine the location of the galactic
nuclews. Another important problem is (o clarify the
niature of grains which are responsible for the scaiter-

ing of the light cmitled from the nuclews. Since the
scatiered cmission is polarized, polarimetric observa-
tions in the wliraviolei together with observations in
the optical region can answer these gquestions. The
observations were carried out on the HST with FOO,
The polarization maps obtained show a central sym-
metrical picture which allows precise determination of
the location of the galactic neclews invisible in the
optical region. The degree of polarization in the
comlinuum s aboul [0 %, bat in some regions it is as
large as 60 %,. After correction for dilution of pola-
rization by nonpolarized stellar lght it increases to
100 %. Two clonds with very high polarization were
found at a distance of about 0.1" from the nucleus:
polarization in the ultraviolet is aboat 43 %, while in
the visible region it is only 9 9. It is possible that
these clouds are connected with the active nuclcar
region (Capetti et al,, 1994, 1995,

apeciropolarimetry of the galaxy MRE 231 was
made with the FOS too. The polarization parameters
in the wliraviolel are comparable with those which
were obtained in groond-based observations in the
visible speciral region: they are aboat 15 %,. However,
there are significant differences. The degree of polari-
zation decreased by a facior of 2 from the cenire of
the line Mg Il to its wings; it is not constant over the
spectrum: the degree of polarization was about 17 %
in the I nm region and decreased rapidly toward
shorter wavelengths, and the polarization was absent
at all a1 wavelengths shorier than 180 nm (Smith e1
al., 1994), A complicated shape of the polarization
Specirum suggests that in the vicinity of the galactic
nucleus the nonpolarized light from  siellar com-
ponents “dilutes”™ the polarization arising from
strongly reddencd nucleus. Aficr correction for this
effect the degree of polarization of the UV cmission
from the neclear region exceeds 20 %,. Besides, the
rolition of the plane of polarization by 40° between
180 nm and 330 nm points to the presence of
polarized clouds.

Blazarsx

[mporiant information on blazars was obtained from
the HST spectropolarimetry. Differcnt assumptions
were made as to the pature of their emission. One of
them is the existence of an acoretion disk arcund a
black hole. Ground-based obscrvations do not suppori
thizs model (Smith and Sitko, 1991, However, new
data recently published count in i3 favor, Thus, for
the mast actively observed blazar OJ 287 the model of
a binary black hole with an aceretion dizk around the
more massive component and jeis from both com-
ponents was developed. The large and variable polari-
zation from some blazars observed in the visible is
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associated with the dominani synchroron emission in
a jet. The reason for this 8 the fat wavelength
dependence of pelarization paramelers in the optical
region, Observations of several blazars with the HST
(PFES 2135-304, OI 090,04, OJ 287y reveal that,
though the degree of polarization is different io
different objects, the absence of significant changes of
polarization parameters with wavelength is typical for
all of them (Allen et al, 1993; Smith et al., 1993b).
Theoretical estimaies show thal the polarization may
be higher in the accrefion disk. For a belter under-
standing of the nature of the polarization observed in
blazars, data for the both optical and uhraviolet
regions are mecessary.

Duagsars

A large list of bright gquasars — about 270 objecis —
was proposcd for observations with the HA3T (Bowen
et al, 19945, Among quasars there are groups strongly
distinguishing from cach other by their flux charac-
teristics in the radio and optical wavelengih regions,
for example, radiolond and radicguoict guasars,
guasars with high and low levels of brighiness
variability, etc, For polarimetric observations with the
HST the brightest objecis with large redshifts, high
optical polarization and brighiness variability were
sclected, Several radiation mechanisms work in
quasars: an oplically thick thermal component which
has its maximum inlensity in the uliraviolet aod a
variable nonthermal partially polarized component.
The degree of polarization of quasar cmission in 1he
uliraviolet is various in different models, The com-
bination of polarization daia in the optical region and
in the ultraviolet allows us to determine polarization
of each of these components, Thus, it facilitates the
choice between differend models. Therefore, speciro-
polarimetry with the HST gave the umigue opportunity
to find owl which one of the different physical
mechanisms is dominand.

The quasar 3C 273 has usually a small, about
0.5 %, polarization in the visible reglon. Observations
with the HST showed a very small ultravioler polari-
zation. However, optical polarimetry poinis to the
exislence of a nonthermal component which is diluted
by other sowrces of nonpolarized lighl, namely — a
big blue bump. The analysis of observations reveals
that the polarization of 3C 273 emission is not a resoll
of dust or eleciron scaitering (Smith et al., 1993a),

However, this is not @ general rule. So, optical
polarimetry of the quasar PG 11144445 has shown
that the polarization of forbidden lines Is the same as
the polarization of the continuum, [t suggests that the
polarization in this quasar is caused by the scatlering
af the light cmitted from the nuclens by dust grains

which exist outside the rogion where narrow cmission
lines are formed,

Another polarization picture is shown by the guasar
0J 287, As judged from the polarization spectrum of
this quazar, the light emitted by the nucleus passes
through a dusty environment, similarly 1o the light
which is emilted by the nuclens of our Galaxy.
Probably, this quasar is seen edge-on, and the
sources of the continuous spectrum and the region of
broad cmissions arc obscured by an opticallv thick
but geometrically thin dust disk (Macchetio, 1994).

The quasar JC 34% Is o member of a small group
of optically active quasars, Observations with the HST
in twi bands centered at 216 nm and 377 nm revealed
a high polarization — more than 5 %, . Unfortunately,
no simulianesus ground-based observations were
made. Bui such observations performed before and
after the H5T obscrvations show that the parameiors
of uliraviolet and oplical polarization arc different
even when possible changes with time are taken into
account. This implies a difference between the char-
acteristics of the quasar 3C 345 and Lacertides for
which a less significant difference of polarization
paramelers in optics and in the wltraviolel is typical
(Dolan et al., 1994),

Im three quasars (PKS 0405-123, PG 13384416,
PG 1630+37T) which were observed st wavelengths
shorter than 300 nm (Kortatkar et al., [995) changes
of polarization along the spectrum are evident: the
polarization near 200 nm is small — from 0 % to
4 % — and increases up to 20 % at 160 nm in
PG 16304377,

Ultraviolet spectropolarimetry was carried out for
three bright quasars with large redshifts:
PG 12224228, PG 16344706 and PG 23024020
(Impey et al,, 1995). Two of them (PG 16344706 and
PG 2302+029) have low polarization in the ultravioler,
about 0.5-=1.0 %, which is practically independent of
wavclength,

In the quasar with the largest redshift,
PG LI22+238, the polarization s measured down to
wavelength 80 nm in the rest system. The polarization
of the continugm increased sharply from | % o aboat
4 % Levels of ultraviclet polarization of these quasars
are lower than in the visible, The energy distribution
of polarized flux is described by a iypical power-law
index equal to =08 = 0.5, The date obtained do not
fit the model in which polarization arises due to
scattering by dusi as it is found in some galaxies of
Seviert 1 1ype. No decrease in polarzation degres in
the altraviclel and oo rofation of polarization plane
predicted by some models were observed, In conlrast,
the increase in the degree of polarization observed in
the ultraviolet in PG 12224228 was so sharp that il
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could not Be caused by any mechanism giving a
wavelength-independent polarization al any radius of
the accretion disk around a black hole. 8o, the large
growth in the degree of polarization can be cansed by
an increase of scatiering rather than by absorption at
high frequencies,

One can see from this bricf review of published
results obtained In the ultravioletr polarimetry of
quasars with the HST that this group of objects is
rather noneniform in their polarimeiric charac-
teristics. Therefore, observations of quasars in he
ultraviolet spectral region should be conitinued and as
much objects as possible should be observed,

Feils
Ground-based observations revealed the existence of
s In many AGNs and quasars (galaxics ME7,
Cen A, PRS 0521-36, 3C 668, 3C 273, ewc.). The jet
cmission is strongly polarized and is of a synchrotron
nature, The jeis have complex structares, they consist
of a number of knots of enhanced brightness and
different sizes connected with each other, The extent
of the jets does not exceed several arcseconds, and
their widths are wsually a fraction of arcsecond. So,
the jet in the guasar 3C 173 iz 25 long. The jet
images obiained in the ultraviolet spectral region with
the HST allow the study of the fine siructore of jets.
The knowledge of polarization in the uoltraviolet,
opiical, and radio regions allows one 1o determine the
Faraday rotation of the planc of polarization and the
magnetic field intensity in the jet and to study the
interaction of the jet with i3 environmeni. These
details are important for understanding the origin of
the jets, their interaction with their environment, and
Lhe emission mechanisms in action in them.

AC 273 is one of the nearest quasars, and its jet has
a relatively high surface brighiness. A detailed polari-
metric map of this jet was obtained by asing the FOC
al the HST (Thomson et al., 1993, Macchetto, 1994),
The magnetic fleld struciure appeared 1o be different
at different locations in the jef, and the degree of
polarization peaks up to 20 %. The data oblained do
not support the assumption that the optical emission
from the jet is simply the quasar light scantered
toward the ohserver by grains in the jet. It Is more
probable that the radiation mechanizsm is the
synchrotron cmission of relatvhstic electrons in the
magneiic field of the jet. A model proposed for the
explanation of the jei phenomenon breats the jet as an
iomized plasma ejected from the quasar ko ihe
environment. Study of the jet structure close 1o its
vatiel point led 1o the conclusion that the jet is

unidirectional and is oriented almost perpendicular to
the hine of sight.

1.1.2. Stars

In the uliraviolet spectral region there are many
spectral lines of different clements sensitive to physi-
cal parameters of stellar atmosphercs. In this speciral
region hot stars emit the maximom infensity of their
radiation and a significani pari of the cmission is
scattered by dust. Since the optical properties of the
matier which the light has to pass through strongly
vary along the spectrum, the comparison of data in
the ultraviolet with data in optical and radio wave-
length regions allows a number of important
paramefers (o be determined, for example, the
measure of Faraday rotation, magnetic field Intensity,
emisgion mechanism, source of scaticring, structure of
the dusi envelope around the star, stellar wind,
oplical characteristics of grains, and the struciure of
their surfaces. Therefore, hot objects with  well-
developed ultraviolet spectrum are of particular inter-
€sl; hol gianis and supergiants, Be-stars, X-ray
spurces, Wolf-Ravel stars, white dwarfzs, hol com-
ponents of close binary systems, and nuclei of
planetary nebulae. Up to now the following results of
polarization studies of sfars in the ultraviolel are
published.

In 1990 spectropolarimetric observations of the red
supergiant o Orionis with WUPPE in the wavelength
region 150—330 nm and in the wavelength rogion
3I0—T60 nm at the Pine Bluff Obscrvatory were
carried oul. Analvsis of data (Nordsieck et al., 1004)
has shown that 1} there are at least two independent
mechanisms of polarization with different geometry,
working in different spectral regions; 2) the degree of
polarization amounts up o 2 % at 300 nm and then
rapidly decreases at 290 nm; 30 the emission ling
Mg 1l 280 nm is unpolarized. This suggests that the
processes in the phatosphere and chromosphere which
are responsible for the polarization arise from the
scaltering of light in the atmosphere and/or in the
duzi envelope.

[mportant new results were obtained from observa-
tions of several Be-stars — emission stars with fast
rotation. They are strongly variable, non-periodic,
and show different characieristics in different wave-
length regions, Variable stellar wind components are
cbserved in the wliraviolel region, In the opiical
region a large (1—2 %) polarization of their radiation
is observed. This fact, together with infrared excess-
es, the presence of lines belonging 1o an envelope,
and the fast rodation, led fo the conclusion tha
disk-like circumstellar envelopes exist around these
stars.

Existing models of Be-stars predict an increase of
the degree of polarization in the ultraviolet. However,
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obscrvations of some stars of this type — ¢ Tau,
¢ Agr and PP Car — made within the WUPPE do not
confirm this prediction, On the contrary, constant or
even decreasing degree of polarization in the con-
tinuum shoriward of the Balmer jump and a wide
region of lower polarization belween 70 nm and
¥ nm have been found. This phenomenon s cx-
plained by “dilution™ of polarization due 0 the
contribution from nonpolarized iron lines iBjorkman
et al., 1991, 19493),

Very important resulis were obtained from the
study of three X-ray binaries: Cyg X-1
(HDE 126868), 4U 0900—40 (HD TT581y, and
AU 1T00—37 (HD 153919 (Wolinski e al., 199,
The ground-based polarimetry of these stars showed
a small amplitlude of their polarimetric variability.
The wavelength dependence of polarization in the
visible i3 well fitted by the Serkowski law for the
intersiellar polarization which dominaies in the pola-
rization observed in these stars, However, the wave-
length dependence of the polarimeiric variability
amplitude in the visible observed in 4U 1700—37 and
Cyg X-1 led to the conclusion that Rayleigh scattering
is the mechanism which produces the intrinsic polari-
zation in these sysiems. The wavelength dependence
in the visible in 4U 0900—40 is consistent with
Thempson scattering alone, If Rayleigh scaticring is
the principal mechanism producing the infrinsic pola-
rization in these sysiems, the amplitude of polari-
meiric varizbility should be proportional 10 47, where
A is the wavelength. The Rayleigh scatlering mode
predicis in this case that the amplitude of polarimetric
variability should be greater in the ultraviolet than in
the visible. These assampiions can be tested only by
polarimetric measurements in the ultraviolet,

In fact, such observations made with HST in 1993
in five bands with central wavelengths 216, 237, 248,
277, 317 nm confirmed these assumptions. Se, (he
amplitude of polarimetric variability in the UV in
these stars is a factor of 20—30 greater than in the
visible. The wavelength dependence in all three
Sources ¢an be represenfed by a combination of the
Rayleigh scattering component and a wivelengih-
independent Thomson scattering component, It fol-
lows from this model that the position angle of mean
polarizalion is expected to rotate from the visible io
the UV in the same way as the relative contribution
of different components 1o the total polarization is
changing from the visible to (he UV, The smooth
rolation of the position angle from the optical to the
UV is consistent with the existence of a scattering
tomponent in each system, itz coniribution 1o the otal
polarization increasing in the UV relative to the
amount of interstellar polarization.

While studying a pecoliar Be-star with infrared
excess, HD 45677, with WUPPE in the wavelength
region 140—322 nm and in ground-based obseryva-
tions in the optical region (Schulie-Ladbeck e al.,
1992h}, a strong increase in the degree of polarization
Toward the shortwave region was found, It points o
light scattering in a circumstellar dust envelope. A
rofation of the plane of polarization by 90¢ in the near
ultraviolet is duc to the fact that the star is located in
a bipolar reflection nebula,

Woli—Rayct stars are of special intercsi because
they have cxiremely strong stellar winds. Ground-
based obscrvations suggest that the geomelry of mass
loss is asymmetric in these stars. Therefore, polari-
melry can give information on the structure of their
stellar winds and emission mechanisms. Observations
in the ultraviolel are of particular interest, as the
continwous radiation is formed in denser parts of
stellar winds, and oltraviolel emission fines are
formed in regions quite different from those where
optical lines are formed. Polarimetric observations of
two such stars of differcnt subclasses EZ CMa (WNS)
and & Mus (WCh 005 ) pgave distinet results. The
ultraviolet polarization of radiation from EZ CMa
appeared on a level of 0.8 %. Polarization features
correspond (o emission lines, and the large amount of
polarization is indicative of a strongly asymmetric
stellar wind, while in @ Mus the line polarization and
the continuum polarization are equal and stromgly
decrease toward shorter wavelengihs. The combina-
tion of ultraviolet and greund-based polarimetric data
shows a wavelength dependence of polarization wiich
is typical of the interstellar material, il is described
by the Serkowski law (Schulte-Ladbeck et al., 199243,

The HST obscrvations of AG Carina, a prototvpe
of the clasz of bright blue variable stars, during its
flare phase show an inirinsic polarization of it
radiation (Leitherer et al., 19943, Tt is considered as
an evidence for the existence of a variable flow of
malier, with its density increasing in the equatorial
planc. Analysis of the star's spectrum revealed two
stellar wind components, a slow one and a fast ong,
the latler having a smaller density, Analysis of the
data showed that the temperature of this siar had
decreased from 21000 K 1o 14000 K in one year and
its radiug had increased by a factor of two, However,
despite the significant changes in the photospheric
comditions, the mass loss rate did nol increase during
these flares,

Diespite of intensive studies of the properties of hot
supergiants, many uncertainties s6ll remain in oar
understanding of their mass loss mechanism. Mass
loss rates in hot supergianis are second only to those
In the Wolf—Rayet stars. It is clear from ground-
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based observations thal stellar winds from these stars
are very nonuniform and asymmetric, Theoretical
models predict a gradual growth of the degree of
polarization in the ultraviole! and a decrease of
polarization in Balmer lines. However, observations in
the WUPPE and simultaneous ground-based observa-
tions of the hot supergianis P Cyg and & Cas showed
that the intrinzle polarization in the Balmer emission
continuum in P Cyg was the same as ouiside it,
except for a wide band between 260 nm and 300 nm
, B3 it ig in typical Be-stars in the wavelength region ai
200y nm. This drop in polarization sopposed 10 be
taused by blanketing of nonpolarized iron lines, just
as this occurs in Be-stars. The intrinsic polarization
is small in & Cas, and the observed polarization is
mainly interstellar, though there is some polarization
excess in the wltraviolet a8 compared to models
i{Taylor =t al., 19915,

1.1.3. Interstellar and intergalactic
media

The interstellar matter may be considered in two
aspects; as an obstacle in studying stars and galaxies
and az an object in itself to be studied.

The major information about properties of the
interstellar dust was obtained from observations in
the optical and radio ranges. However, these data are
Insufficient to enbance our knowledge of physical
characieristics of the dust. The optical propertiss of
Interstellar grains are known to vary strongly with
wavelength, which results in the shape of the ob-
served wavelengih dependence of polarization and
ahsorption. Esscnotial changes in the characteristics of
interstellar polarization are expected in the uliravioker
spectral region due to a sharp change of optical
constants of dust grains, Therefore, for the deter-
mination of main characteristics of interstellar grains
it is mecessary to know the spectral variability of
pelarization in a wavelengih region as wide as pos-
sible (Webb et al, 1993). This is important for the
diagnostics of the chemical structure of cosmic dust in
different regions of our Galaxy.

Even the first trial exira-atmospheric polarimetric
measurements in two stars, # Ori and « Cas, that
were carried out in 1968 by Gehrels in bands
centered at 225 nm and 286 om confirmed the
expected drop in the degree of polarzation toward the
ultraviolel end of the spectrum caused by the inter-
stellar dust. More detailed data were obtained in the
course of the Wisconsin project and with the HST in

the wavelength region 130—300 nm (Clayion et al.,
1992, Hanson et al, 1994; Taylor et al., [99]:
Martin, 1994; Schulte-Ladbeck et al., 1992a, 1992b;
Sommerville et al., 1994; Whittet et al., 1904; Wolff
et al., 1993}, Stars with their polarization known from
ground-based cbservations — o Cam, HD 7252,
25443, 37903, 62542, 99264, 161056, 197770 — were
obscrved. A sirong rise in the degree of the linear
polarization produced by the scattering of light by
intersteliar grains oriented in the galactic magnetic
field was found in the ultraviclet region. Thus the
intrinsic polarization can be detected in a number of
astrophysical objects, A possibility 10 measore pola-
rization at much shorier wavelengths will open a new
way in analysing peometrical and optical parameters
of small-sized dust grains,

By now the interstellar polarization in the ulira-
violet was measured for 10 stars lving in different
directions in the Galaxy, For 5§ of these stars the
spectrum of polarization is described by the Serkowski
law. in 4 stars the polarization excecds the amount
expected, and only in one star (HD 1977700 a
polarization feature was found in the bump region on
the curve of interstellar absorption a1 2175 nom
(Anderson, 1994; Hanson et al., 1994; Martin, 1994:
Whittet et al., 1994; Sommerville et al,, 1994), the
nature of the feature is not clear yet 1t iz supposed
o be due to small oriented graphite disks (Wolff ot
al., 1993). The data obtained impose restrictions on
the choice of a possible model for this feature on the
intersteilar absorption curve.

1.2. Scientific problems which can be solved
only by the UVSPEPDL experiment

The above review of the polarimetric investigations in
the ultravioler which have been already performed or
dre planned for the near future allows us 1o conclode
that only some first steps in development of this field
have been made by now. The results obtained confirm
an wrgenl necessity of comtinuing these siudies. On
the other hand, fthese results are not numerous, so
there is a wide field of activity for the future rescarch,
in particnlar, this 8 a lask for the observatory
SPECTRUM-UY which will be the only space obser-
valory working in this UV region in the next decades,
Due to its large mirror and a convenient orhit, it
would be possible to make a nexi great step in the UV
polarimetry of cosmic objects.

We can offer the following problems as a prelimi-
nary program for polarimetric research on the T-170.

—=10—
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1.2.1. Exiragalactic objects

Blacars

For bazars the main task is to study their variability
in the UY region and o compare the resolts with the
data oblained in the optical region. This can be done
by accumulating long — S0—100 days — seiz of
ahservations of selected objects with good time
coverage. Besides, it will be necessary o study the
variability of polarization on 3 xhort tme =cale in
continuous observations with a duration of about one
day. The UVEPEPOL project is ideally suitable for
this purpose, and we expect great improvements as
compared to the HST observations. The data on
polarization mus! be supplemented by photomelric
andfor spectrophotometric information, just as this
requisite for other variable objects. The priority
objecis are O 2E7, PES 07354178, 55 0716+71.

Quasars

The main task for the UV polarimeiry of guasars |s
io cxtend obzervations to the cxitreme UV region.
(The extreme UV means normally 35 — 91.2 om).
This is rather important for the analysis of the nature
of their emiszion in this wavelength range and for
construction of appropriate models. It is desirable also
io ohserve the goasars which are strongly variable and
have a significant polarization in the visible (3C 279,

3C 345, IC 66A) as well as the quasars with large
redshifis,

1.2.2. Interacting close binary stars

The zel of suitable objecis is extremely large and
includes stars of various nature — from supemovas o
dwarf novae and many others, and so we have (o
resirict ourselves by selecting a small subsel of objects
which are of the prime interest for the UY polari-
metry,

X-Frawy binaries

The most interesting objects are 88 433, Cyg X-1,
and X-ray transient sources. For 55 433 there exist
pnpublizshed data obiained with the HST which show
a high polarization {(op te 15—20 %) in the UY. For
Cvg X-1 and transienis containing Be-stars it is
difficult 1o separate intringic and intersicllar polariza-
lion by using optical ground-based observations only,
In the UV region, where the interstellar polarization
is essenfially smaller and the intrinsic polarization is
predicted to be rather large, it will be possible to
separale ibese two effects with greater cerfaingy,

Magnetic interaciing

binaries — polars

Measurements of circular and linear polarization are
the key tool for understanding the natore, geometry,
and evolution of polars — of classic synchromized
AM Her type stars as well as of intermediate non-
synchronized systems. Observations in the UV region
will provide new information which is very important
for the construction of adeguate medels for these
ohjects. Of special interest are UV observations of a
new class of polars with magnetic felds of more than
100 megagauss for which the polarized harmonics of
cyclotron radiation fall in the UV region. However, up
o now po polarimetric UV data of any of these
objects exist. To study polars, it is necessary o make
continuous observations with a duration on the order
of their orbital periods — from 1.5 1o & hours — and
with a time resolutien on the order of several minsies,

1.2.3. Magnetic white dwarfs

Ground-based observations suggest that the majority
of stars of this type have a complex spectrum with
circular and linear polarization, At the moment it is
nst possible to describe this complex behaviour with
suitable models. The extension of the observation
region inta the UV should help o construct moro
general model aimosphercs for these stars and to
clarify the geometry of thelr magnetic fields.

1.2.4. Interstellar polarization
of distant reddened stars

The study of the interstellar polarization i varioos
paris of our Galaxy in the UV region is of importance
for both the research of the intersiellar dust charac-
feristics and adeguate analysis of polarimefric obser-
vations of distant galactic objects with the aim 1o
separate the interstellar local component in them,
Preliminary results from the observations of inlerstel-
lar polarization carried out with the HST clearty show
that the wavelength dependence of this polarization
cannol be always filted by the extrapolation to the
UV repion of the well-known Scrkowski law for
interstellar polarization.

In addition 1o these particular observation
programs, il is nccessary o asscss experimenially
possibilities for solving new problems. We can point
ol twe such problems.

Polarized proton and nuclear (Hed cyclotron emis-
sion lines from accreting ncutron stars with strong
magnetic fields (10" —10"° gauss) can be found only
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im the uliraviolet region. Observations of these lines
offer v a new method of direct diagnosiics of the
proton and nuclear components dn the accreting
plasma of neutron stars as well as a new method Ffor
the measurement of magnetic fields in neuwtron stars.

The UV polarimetry is an efficicnt method of a new
field in astronomy — cosmic microphysics, which
involves the development of astronomical methods for
the search of new elementary particles— axions which
are predicted by the modern physical theory of Greal
Unification and which can be a component of the
hidden mass in the Universe. Such astromsomical
methods can be based on a new physical mechanism
for the peneration of polarized emission as a result of
fransformation of photons inlo axions and wice versa
in the presence of a magnetic field, the so-called
magnetic conversion. The most effective process i the
magnehc conversion of photons in massless axions,
the cfficiency growing with photon energy. Possible
observiational evidence of this effect consisis in:

I} the excess interstellar polarization of bale stars
in the UV;

1) the excess polarization of the UV cmission of
distant guasars when their light is passing throagh

galaxies with intermediate =
© 3 the excess of imtrinsic linear polarization of
magnetic stars in the UV (see Goedin and Krasnikow,
[ 94025,

The wavelsngth dependence of polarization in the
nltraviolet is quite strong. Therefore there is a neces-
ity to make polarimetric observations in rather nar-
row speciral inlervals which can be selected with the
help of a sel of filters. There is no need to separate
narrow spectral lines, so the optimum decision seems
o be a spectropolarimeter with low spectral resolution
R = X—50) and wavelength intcrval 115—365 nm.
Various realizations of such a device are conzidered
belkow,

PART 2.

GENERAL CONCEPT AND CHODICE

OF A BASIC SYSTEM OF ULTRAVIOLET
LOW-RESOLUTION SPECTROPOLARIMETER
FOR THE SPECTRUM-UV EXPERIMENT

1.1. Equipment used in recent UV
polarimelric obfervations

Only a few devices suitable for astrophysical ultra-
violet polarimetric observations outside the Earth

atmosphere have been developed op to now, These are
the polarimeters for the Sun exploration (Stenflo et
al., 1976; Gountail, 1978; Miller ct al., 1981y, HST
polarimeters (Allen and Angel, 1982; Machetto et al.,
1982; Bless et al.,, 1982; Lupie et al,, 1988) and the
speciropolarimeter of the Space Astronomy Labora-
lory of the University of Wisconsin (WUPPE) {Nord-
sicck ot al.,, 1993a). While the solar polarimeters
possess their own specific features related o the
brightness of their observation object, the polarimetric
instrumentation of the HST and WUPPE is close 1o
the proposed UVSPEPOL project as rcgards the
principles of desipn and scientific tasks.

2.1.1. Polarimeiric facilities aboard the HST

When HST was designed, a concept was accepted
according to which each instrument should have its
own polarimetric unit. Such concept allows the op-
timization of polarizing optical components according
to a parficular observational task. There are three
instruments aboard HST which have polarimetric
modes for wavelengths below 300 nm. Those are Faint
Object Spectrograph (FOS) (Allen and Angel, 1982),
Faint Object Camera (FOC) (Machetto et al,, 19823,
and High-Speed Photometer (HSP) (Bless et al.,
1982). Their characieristics are briefly described in
Table 2 (Lopie and Stockman, 1988).

Table 3. Palarimepric Facilities of the HET Inslruments

Eadirammi - penpeies HEF T [ Fing

Analyaer 4 UV- UV Double Retarder
Palacaat Rochoss Waollaxian
Speciral range, nm 21— 340 250 — & 1 2(y — &M}
Palarimetnc L1 Lo 0l
acouracy, %
Tnsinemenisl <{L5 & 1.0 0.1
polnrizatica,
Target mageinsdes i—u 21 snurces =0 xtarsd
istars) = 16"
[exdsnded)

The Wide-Field and Planetary camera (WFPC2),
in principle, also has a polanmetric mode for the near
uliraviolet speciral range down to 220 nm, although
its polarizing fillers operate effeciively only for
A1 30 — 650 nm. Besides, the WFPC?2 polarimetric
analyzer is followed by strongly obligue mirrors which
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infroduce an instrumental polarization of more than
6 %% (Bircita er al., 19946},

The FOS specitropolarimeter
The FOS polarization module consists of two replace-
able combinations of magnesium fluoride elements
sretarder/ Wollaston prisms located just afier (he
enirance 5lil port. The mechanical mechanism has an
original design and allows the rfolation of the retarder
with a 22.5-degree step and the input-outpul of the
on-axis polarizing elements with a single motor. The
retarders have different thickness, so they differ in
their sensitivity to linear and circular polarization at
different wavelengths, Both retarders together provide
an adequate coverage of the FOS speciral range.

The Waollagton prism splits incoming light in we
orthoponally polarized components, one of them is
projecied anto 4 molticlement detector (digicon), The
spatial separation of the two spectra formed by the
opfics of the specirograph depends on the birefringen-
cv of magnesium fucride at a given wavelength, N1
allows a separation of 780 gm at 4 153 nm, 242 pm
at L., and the spectra merge at 4 117.5 nm.

Polarimeiric analysis is performed by 2 convention-
al technique {Allen and Angel, 1982) based om the
modulation of Stokes parameters by a rotating retar-
dation element, For bright objects, the FOS pofa-
rimeter allows the measuremenl of the degrec of
polarization with an accuracy of 0.1 % and the
position of the plane of linear polarization with an
error of 0L.5" in the spectral range 120 — 350 nm with
a resolving power = 150, However, the accuracy for
faint objects is limited by the photon noise. A
polarization crror of 1 %, is achicved during a 20-min
caposure for & star of ¥V = |5 mag, in a 10-nm
bandwidth,

Recently, the polarimetrie efficiency of the FOS has
been slighily reduced owing to the installation of
corrective optics (COSTAR) for the compensation of
aberrations of the HST primary mirror. Two addition-
al reflections introduce a % wavelengih-dependsaimi
instrmnental polarizatbon. Due 0 a number of
reasons, oaly one of the two wave plates can be used,
These restrictions impose a wavelength limit on
polarization measurements at a wavelength of 165 nm
and increase observational errors up o0 0.2 — 0.7 %
(Keys et al., 1995y,

The FOU imaging

polarimefer

The polarimeter configoration conzists of three
Double-Kochon ivpe crysialling prism polarizers
(Steimmetz et al., 1967) mounted in the filter wheel
assembly of the F/96 optical relay. The optical axes

of the ouler wedges of cach prism are oriented
perpendicalarly fo the direction of propagation of the
incident beam. The optical axis of the ceniral prism
component is parallel to the direction of beam propa-
gation. The erdinary beam is fransmitted witho
deviation and with minimum aberrations, while both
extracrdinary beams go scparatc ways after crossing
the interface between the owter and central prism
components. The angular separation of the beams is
chosen 80 that the 512%512 pixel format in the
central image area may be obtained without overlap-
ping of the other orthogonally polarized beams. The
main transmission planes of Rochon polarizers are
located in angular directions of 0, 60, and 120
degrees, which secures compleie analysis of linear
polarization,

The prisms are assembled in optical contact, bul
the transmission of all three polarizers is different al
wavelengihs shorier than 300 nm. Moreover, one
prism is complctely opagque for wavelenglhs shorter
than I80 nm,

Polarimetric accuracy (1) s 4=—5 % for point
sources and about 2 %, for exiended sources (Mota ot
al, 199%6). The difference is basically caused by the
fact that the point spread fumction (PSF variss for
different orientations of a thick anisptropic element
(225 mm), The predicted instrumental polarization
should be less than 1 %, but in practice it is rather
difficult 1o measure this value as far as the effect is
indistinguizshable from that due to different prism
transparency. [mage shift due 1o switching of the
prisms also creates addifionzl problems in the
analysis of the FOC polarimetric observations.

The HET phofopolarimeter

The HST had a high-speed single-beam photopo-
larimeter mounted on a special flter/aperture as-
sembly preceeding the Image Dissector Tube, The
assembly panel consists of an array of four UV
polarizers (3IM Polacoat of 105 UV type) with trans-
mission axes at 0, 90, 45, and 135 degrees followed
by an amay of four intermediate-band lilters (30 —
40 nm FWHM) centercd a1 wavelengths A4 216, 237,
277, and 327 nm. Each filier/polarizer pair has a
l-arcsec diaphragm. Targetl pointing is execuicd by a
small angular mevement of the felescope,

One polarization data set is composed of four
measurements with differently eriented polarizers and
of four consecutive background measurements for
slars Fainter than I = |5 mag. The expected accuracy
of the HSP was about 0.15—0.20 %.

The HSP instrument was removed from the HST
instrumental section and was replaced by the correc-
tive optical system COSTAR during the frst HAT

-
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serving mission in 1993,

. The HST observational technique and calibration
procedure were discussed in details by Lupic and

Stockman 1988; Nota el al., 1996; Keys ai al.,, 1995,

2.1.2. Wisconsin spectropolarimeter WUPPE

The WUPPE instrument is a medium-resolufion
spectropolarimeter (1-nm resolution In spectral range
| 35—=330 nm) assembled on the basis of a modificd
Monk — Gilleson spectrometer and cguipped with the
magnesium fluoride polarizing oplics {Nordsieck et
al., 1993a). The WUPPE was mainly designed for
point fargets and for polarization measuremenis of
objects with high signal/noizse ratio.

The polarization analyzer is located behind the
entrance sHi, i1 consisis of sets of three pairs of
magnesium  fluoride balf-wave relarders and of a
magnesium fuoride Wollaston prism. The retarders
. are calcalated for a phase shift of B0 degrees at
L 190 nm and consist of two 3-mm thick opfically
condacted layers with crossed optical axes. The Wol-
laston polarizer i3 10 mm thick. All polarizing com-
ponents are located in the convergent &7 1D beam.

During polarization measuremends the wheel oon-
talning retardation filiers switches between waveplate
orientations of 0, 45, 15, 60, 30, and 75 degrees, The
Wollaston prism forms two specira 25 mm long in the
detector plang (two Reticon tvpe photodiode arrays
coupled to a single-stage ITT intensifier}, they are
separated by 3.5 mm. The pizel size along dispersion
is 25 um, which cormresponds to 0.2 nm on the
wavelenpgth scale. The technique of polarimetric meas-
urements used in the WUPPE was found 1o be weakly
sensitive to guiding errors, gain chaoges in the
detector, and noise events in the image wbe, The
overall system gquanium cffidency is approximately
0.04, polarimetric cfficiency 1s 075 (malnly due to the
o relarder's chromatism and small angular apertursh,
and the instrumentsl polarization (determined during
the flight from observations of unpolarzed stars) s
less tham 0.1 %.

A% a matier of fact, the WUPPE desipn is similar
i the arrangement of the HST FOS, however both
beams leaving the Wollaston prism are uwsed in
WUPFPE for polarization measuremenis,

1.2. Current engineering developments for UY
polarimetric observations

Two pew UV polarimeters are now under develop-
ment im the Space Astronomy Laboratory of the

University of Wisconsin, Those are a wide-field
imaging polarimeter WISP (Wide-Ficld Imaging Sur-
vey Polarimeter) and a spectropolarimeter for the far
uliraviolet speciral range FUSP  (Far-Ultravielet
Spectropolarimeter), Nontraditional technigues for po-
larimedric analysis are applied in both instruments
{Mordsieck et al., 1993hk).

Ifmaging pofarimeter WIiSP

The WISP instrument is intended for wltraviolet
polarimetric investigation of diffuse objects with a
field of view of 1.7 = § square degrees and a spatial
resalution of 15 arcsec, The device will be used for an
all-sky survey in two broad-band spectral intervals of
135 — 260 nm wavelength range during one-year
misslon, The advantage of the WISP experiment iz
that UV space observations of extended objecis are
completely  free from most of the factors which
complicate measurements and analysis of ground-
based visible diffuse polarimetry (highly polarized
variable background of the night sky, changes of
atmopgpheric transparency, polarized zodiacal light
background, wopolarized aiomic emizsion From H 11
regions, and  interfering radiation from forepround
and background stars).

The Galactic reflection nebulae (Pleiades, NGC
T023, North America Mebula), diffuse clowds dl-
lominated by distani stars (M831/82, Draco Cloud,
Lockman Window), and some galaxies (LMC, M3
are chosen for the initial experiments with WISP, The
prime tasks are the investigation of the optical proper-
fies of interstellar dust and the study of diffuse
galactic light. In the UV region, only a small nomber
of hot siars illuminate dust formations. 3o, by deter-
mining the angle of lingar polarization, i1 will be
possible o identify the sources of llomination and
thus o study the J-dimensional distribution of the
Gialactic dust and the 3-dimensional structure of other
galaxies. Information about optical parameters of dust
particles will be obtained simultanegusly,

Structurally, the WISP iz an integrated Schmidt
telescope/ polarimeter  (diameter 195 em, F/% op-
fimized for imaging polarimetric observations in the
wavelength region 135—260 nm. The first device
element is a very large retarder which consisis of four
10= 10 sguare cm plates made of an oriented calcium
fluoride crystal. 1t is assembled in a special frame-
work and aitached, on two sides, 1o pneumatic
actuators in order to get the desired phase shift by
means of piezo-birefringency. The whele retarder
moanting can be rotated. Any required phase retarda-
fion at a chosen wavelengih can be achicved by
controlling the force on the actuators. For the half-
wave refardation at A 200 nm the reguired force s

=1y {0y
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B0 Ibs per lincar inch of edge.

The linesr polarization Stokes paramelers @ and U
can be oblained by combination of the force and
rolation of the caleium fluoride plate with the plate
fixed at three angular positions (for Q-image, the
angle is 45 degrees, the forces are zero and 80 lbs per
lincar inch; for U-image, the angles are 22.5 and 67.5
degrees, the force is 80 |bs per linear inch)., The
required force depends approximately lincarly on
* wavelength,

It should be noticed that, with the polarization
modulator located in front of the telescope, the
instrumental polarization errors are excluded almosi
completely. Taking into account the excellent proper-
ties of a Schmidl telescope, this makes WISP a
hundred thousand times more sensitive to diffuse
light as compared 1o WUPPE.

A large 55«25 square cm rectangular flat Brewster
angle plate coated by high-index monolayer of Y,0,
is used in the WISP as a polarizer. Several other
maierials with refractive indices from 2 (o 3 at
wavelengih 175 nm are considered as alternative
coaling substances (8i;N,., La/0, Nd,0, Zr0,,
Ta, 0.0,

The detector is a Befioon RA 1200 CCD (400 =
1200 pixels with sides of 27 um. thermoeleciric
cooling, 15 bit digitation)., Primary and correcting
Schmidt mirrors have the conventional Al + MgF,
coating. Broad-band filters have central wavelengths
of 164 and 218 nm and FWHM of 47 and 58 nm,
respectively. The polarization modulation cfficiency
determined by retardation chromatism in the wide
filter hand does not drop below 70 %. Stray light and
other background effects are minimized by super-
polishing of all optical elements and by baffling.

The WISP has already flown swoccessfully three
times on a Terrier-Black Brandt sounding rockel: Dec
3, 1994 — Pleiades; Nov 20, 1995 — Large Magel-
lamic Clouds (Nerdsieck et al., 1996: Cole et al.,
1997; Apr 7, 1997 — Comet Hale—Bopp. The nexi
flight is scheduled for 1998 for the investigation of
Gralactic diffuse light targets,

Far uiltraviolet
specifropolarimeter FUSP

The speciropolarimeter FUSP is a natoral extension
of the WUPPE experiment imto the far wultroviclet,
where polarimeiric data have never been obtzined,
although this is possible with polarizing optical irans-
migsion elements in the spectral range from 105 1o
145 nm. This spectral range is of specific interest due
to the presence of a asmber of strong resonance lines
important for the diagnostics of stellar envelopes.
Besides that, interstellar grains may change radically

their optical properties in this wavelength range,
which can be easily detect by polarimetry.

Rather bright objects, partially studied with
WUPPE, were chosen as the first stellar turgets for
the FUSP mission. These are the bright Be stars
¥ Cas, { Tau, PP Car, while dwarfs ¥ Vel, EZ CMa,
blue supergiant 5 Orl, as well as stars for testing the
interstellar polarization — o Sco, @ Cam, P Oph,
x Cas.

The optical layout of the FUSP is as follows, The
lelescope has a primary mirror 40 cm in diameter and
an angular aperture of F/3. The spectropolarimeter is
mounted at the prime focus in an evacuated housing
in order o avoid contamination of optical coatings and
the detector. The telescope and spectropolarimeter
mirrors will be LiF-coated aluminwm,

The waveplate is made of lithium fluoride and
servies as the spectromeier box window, The retarder
measures 10% 101 mm. Birefringency is produced by
application of a force 1o the edge of the plate as in the
WISP experiment, but the LiF relarder remains
permanently in the siressed state. A pressare of 15
pounds i3 necessary to achieve half-wave retardation
al 4 124 nm. A special strain gauge will monitor the
strain and control the force required which can
change owing 1o temperature variations, vibrations,
and ether processes. Phase modulation is cxecuied by
the retarder rotation through angles of O and 45
degrees iQ-spectrum} and 22.5 and 67.5 degrees
(U-spectrum). A small diamond mirror at the
Brewster angle at the prime focus of the telescope
works as a polarizer,

A plane diffraction grating with 2400 grooves/mm
provides a speciral resolution of 0.1 nm. Similarly 1o
the WISP project, a CCD will be used as a detector,
To achieve high polarimetric accuracy, short (ap-
proximately 10 sec) cxposures are foreseen for cach
waveplate position., The CCD readoat signal will be
binned to 2x4 pixels in order to reduce the readout
time 1o less than 1 sec. As the FUSP tcam estimates,
for a flat-specirum O-magnitude star, with a spectral
bind of 0.1 nm at i 120 nm, a 300-5 exposure
provides a polarimetric accuracy of 0.1 9,

The first FUSP flight is scheduled for the late 1998
on a 450-km orbit shuttle-deployed Small Explorer.
The experiment is intended to Iook for magnetic fields
in stellar envelopes using the Hanle effect (lgnace ot
al, 1997,

S0, the HST polarimeters and the Wisconsin
University instruments are the ooly instruments
which provide information about altraviolel polariza-
tion properties of stellar objecis. Moreover, from all
HET instruments only the FOS has sufficiently high
polarimetric accuracy. However, during the second

s
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HST serving mission in February 1997, the FOS
tegether with the Goddard High Resolution Spectro-
graph (GHES) were replaced by two second-genera-
tion devices: the imaging spectrograph STIS (Space
Telescope Imaging Spectrograph) and the infrared
instrument NICMOS (Near [nfrared Camera and
Multi-Object Spectrometer) (Baum 5. et al, 1996).
These imstruments, in principle, have ne facilities for
polarization experiments in the ultraviolet wavelength
region. The FOC polarimeter, which remains the only
large telescope device with polarization mode for
wavelengths shorter than 300 nm, i of limited
cificiency, as was stated above, due 1o its low
accuracy of 4—3 %.

The Wisconsin experiments are run only episodical-
by during short-term ASTRO missions, and smal]
aperture lelescopes are wsed, There will be no oppor-
mnity in the present state of affairs to measure
circular polarization in the UV in the near futare.

The proposed UVESPEPOL project enables us to
measure simaltaneously all four Stokes parameters in

the vacuum altravielel. With such a powerful instru-
ment as the T-170 telescope, it will be able to fill the
gaps and overcome the limitations of the previons UY
space exporiments. The saperiority of UVSPEPOL is
dlearly seen from Table 3, where previous, current
and future stellar UV polarimetric experiments are
listed. The polarization efficiency in this table is
defined as sin for circular (c) polarization or {1 -
c0s7)/2 for linear (1) polarization (r is the waveplate
retardation) multiptied by factor 0.5 for single-beam
polarimeters or by factor 1.0 for polarimeters using
polarization beam-splitters and both orthogonally
polarized beams. Polarimeiric accuracy is considered
a% high for typical errors smaller than 0,1 %, ordi-
mary for errors between 0.1 and 1.0 %, and low for
errors larger than | %,

In addition, a number of novel technical solutions
described in the following chapter will make the
instrument unigue and competitive for a decade
ahead,

— 16—
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PART 3.
POSSIBLE STRUCTUR OF UVSPEPOL

3.1. General concept of the spectropolarimeter
LUVSPEPOL

Taking into account the experience of the polarimetric
ohservations realized and considering the above-men-
toned tasks, il is possible o formulate the main
requirements to the polarimeter in the instrumental
section of the Space T-170 Telescope:

l. The spectropolarimeter should be an indepen-
dent instrument with 15 own panoramic defector,

2, It is preferable to fabricate polarizing optics from
magnesium [uoride, which provides a polarimetric
spectral coverage from 115 o 365 nm.

3. The polarimeter should have a facility fo record
all four Stokes parameters of uliraviolet radiation,

4. It iz clear from the asirophvsical tasks listed in
Part 1 that the pricrity should be given fo stellar
ohjects of small angular size. Polarimetry of extended
 objects will be done in a separate auxiliary channel
which can be used simultancously for spectropola-
rimeter coordinate reference and guiding.

3. Since the central part of the focal plane of the
T-170 telescope is occupled by the Field Camera, the
polarimeter has (o be designed for operating a1 some
distance from the telescope's optical axis.

6. The spectropolarimeter should have maximum
ransparency and efficiency o measure faint objects.

An original and simple autonomous poini-object
spectral pelarization analyzer will be described below.
The layouwl and composition of the device proposed
are fundamentally different from the conventional
speciropolarimeters wsed before in space investiga-
tipns, while the polarization characteristics of our
ingtrument are much better than polarimetric facilities
of previous on-board devices.

The instrument is based on Iwo original ideas

which make it superior in comparison with previous
© UV spectropolarimcters.

l. For the first time in the practice of speciro-
polarimetric measurements this instrument does not
need any specialized dispersive elements and spectro-
graph optics. The dispersive functions will be provided
by a Wollaston prism of original design consisting of
two optically contacted wedges with spherical surfaces
and displaced ceniers of curvalure. The same prism
serves also as a polarizing beam-splitter, just as in
conventional polarimeters. Combination of imaging,
dispersive, and polarizing functions in & single optical

element increases the transmission of the optics three
o ten times, which is especially beneficial for the
ultraviolet region of the spectrum.

2. For the first time in the practice of wliraviolet
polarization measurements we propose o use a unique
ultraviolet achromatic retarder (AR) for the phase
modulation of polarized light (Kucherov, 19965, [i will
improve the efficiency of polarization analysis of both
lincar and circular polarization in parallel for (he
whole UVSPEPOL operating wavelength range. Fur-
thermore, there is no need to replace the modulators
depending on different spectral ranges and different
polarization types, This replacement is a disadvaniage
of other experimenis, for example, in the FOS
spectropolarimeter (Allen and Angel, 1982).

It must be noticed that visual achromatic clcments
of similar design (Kucherov ef al.,, 1986) have been
successfully wsed in major observatories in Bussia
iSpecial Astrophys. Obs., Central Astron. Obs. of
RAS, Siberian Inst. of Terresirial Magnetism, lono-
sphere and Radio-Wave Propagation), Ukraine
iCrimean  Astrophys. Obs,, Main Astron. Obs. of
NAS), Georgla (Abastumani Astrophys. Obs.), as well
as in many Ukrainian scientific institutes and in-
dustrial plants.

The spectropolarimeter will consist of only two
optical components, which provides its compaciness,
relative cheapness, and high efficiency. Polarization
modulation will be performed by step rotation of
achromatic retarder with a phase shift of about 127
degrees, providing the same sensitivity of the system
o both the linear and circular polarization of radia-
ton. A special Wollaston prism  will project two
grithogonally polarized specira from point sources onio
a panoramic detector. The geomelric characteristics of
the location of the spectra in the detector plane, the
form and scale of dispersion, and the degree of
aberration distorfions {including those from the tele-
scope optics) can be regulated by appropriate choice
of prism design parameters. The preliminary stage in
the design of the special Wollaston prism is described
elsewhers (Kucherov et al,, 1995 Ivanov and [vanov,
1997, in preparation),

Siructurally the polarimeter will consist of fwo
channels located at a distance of 80— mm from
the optical axis of the T-170 telescope above the
Double High-Reselution Spectrograph. The principal
spectral channel will consist of AR, Wollaston prism,
and an auxiliary obligue mirror inserted for a con-
venien| detector lecation. The additional tracking and
imaging pelarimetry channel will inclode AR,
Brewster reflection polarizer, and spectral filters, if

—_]7—



Aodarmme do xypraay aKocaiowg pover | mexunwastns. FOOF. T 5 AD 514

'Mr__r___._;_,__ Datector
plans

Lhght-conver
AT

v
N

Wodas=ion prizm

Fig. I, @) Schemate Jiagram for the isaging polatimeicr:
B Bchemass diagras [or the gpestropoliénimeter

necessary. ARs in both channels will be rotated by
the same motor. Provision is made for each channel
tp have s own independent panoramic defector.
Preliminary schematic diagrams of the both channels
are shown in Fig. 1. The resulfing thickness of the
transmission optics will nof exceed 10 mm.

Varipus azpectz of the device connected with the
instrumenial polarization problems and Brewsier
polarizer design have been considered in detail by
Kucherav {Kucherov &1 al,, 1995, Below we dwell
only on the principal fonctional elemenis of the
U¥SPEFPOL speciral channel.

3.2, Uliraviolel achromatic phase retarder

Achromatic polarization phase modulators have never
been used fill now in the nltraviolet spectral region.
The reazon is that there are no suitable materials for
polarizing optics for the use in the uliraviolel, and
appropriete theoretical studies in this special field
were also lacking. At the same time we know from the
cxperience of visible polarimetric ebservations that the
use of ARs is most promising in spectropolarimetry,

We have developed for the first time a vacuum
ultravielet achromatic retarder (Kucherov, 1996a) and
we propose o use such an element in the UVSPEPOL
cxperiment. The proposed AR is a3 multicompenent
refardation system with appropriate thicknessss and
optical axis orientations of crystalline layers. The
struciural parameters of such a system are chosen 1o
meet self-compensation conditions, namely: fhe
equivalent sysiem phase shift and (he equivalent
optical axis position should not change when phase
shifis of the individoal componenis deviate from their
nominal values when, for example, wavelength chan-
ges. An example of the achromatization properties of
such an AR made of 10 optically contected mag-
nesium fluoride monocrystalline lavers s shown in
Fig. 2 (magnesiom fluoride is the only material for
phase plate Fabrication in the wavelength range below
200 om). For comparison & parl of the spectral
dependence of phase shift for one of the FOS
polarimeter phasze plates is shown in the same figure
{the lefi-hand branch of the latter curve cormesponds
to anomalous dispersion of magnesium fuoride Bire-
fringenced, By comparing these curves ong can con-
clude that the element chosen for UVSPEPOL is
much superior 1o the HST FOS phase plate. Tt should
be emphasized thal anomalouns dispersiom of MgF,
bircfringence at wavclengths shorter than 130 nm
expands the speciral range of achromatization in our
synthesis technigue and gives rse to a small addition-
al operating zonc at AL 116—118 om, where mag-
nesium Fluoride crysial is transformed from positive o
ncgative ong, On the whole, the phase shifi deviation
over the spectral interval from 122 1o 300 nm does oo
exceed 1.5 degrees, while the position of the optical
axis does nof change by more than 0,75 degrees; such
polarization behaviour is considered good even for the
vigible spectrum. If the tolerance to be accepted is two
times worse, The sysiem will be successfully optimized
in the spectral range from 122 to 500 nm.

One obstacle in the realization of our approach may
be the manufaciuring of such a complex multicom-
ponent AR. Therefore, az an aliernative, we propose
a multiachromatic retarder (MAR) with half as many
components. Such an element is achromatic only in a

—]f—
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Fig. I. Specirul properties of 8 137-degree achromase retarder. Dushed line represents the phase shift of the HST FOS polarimeter phase

part of the spoctral ranpe of a given order of
interference. Nevertheless, the theoretical principles
of its operation are the same as for the AR described
above, The advantage of MAR is that it has no
limitation over a wide spectral range — it can operate
from A 114 nm 1w 4 TOM nm.

However, the information capacity of MAR will be
2—3 times lower because of gap-achromatic spectral
function of the clement. Outside the achromalic zone
light suppression, a Sole-type birefringent filter
having a structure similar to MAR and differing only
by axis orientations of the components can be used
(Kucherov, 1996i). But if the wavelength scale is
correclly referred to detector pixels and target track-
ing is reliable, there is no peed to uwse any filters in
this spectropolarimeter as far as the reduction of
cbservations can be performed only for achromatized
TOTIES.

An exampls of MARE calculation {solid line, the
scale is on the lefy accompanied by maiching filler
(dashed hine, the scale is on the right) is displayed in
Fig. 3 for three different wavelength regions, A
1i-degree phase shift was chosen as an oplimum for

the given type of clement as a result of the theory of
multicomponent retardation sysiem synthesis. In the
example the MAR and the Solc filter consist of
componenis of magnesium fluoride, each component
being approximately (.5 mm thick.

One further problem in the application of the UV
AR is a strong sensitivity of itz phase shift to oblique
rays, Estimation of this factor seems to be a rather
complex task, and it may require special ray-tracing
softwarc having polarization/anisoiropic media mo-
des, Our preliminary study of composite waveplates in
the visihle speciral region and cstimations made for
the double thick WUPPE UV retarders (Nordsieck ot
al., 1993a) show that the refardation of UV AR is not
seriously reduced in the comvergent £710 T-170 beam.

A% Resulits of aberration calculations
of polarimelric units

The following factors showld be taken info considera-
lion when opfical systems are calculated for pola-
rnmearic wnils:

—10—
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enlarges the point spread function up fo 40—50 pm.
To achieve a high limiting magnitude, this kind of
aberration must be commected (the PSF musi ool be
broader than ithe detector pixel size).

3. A planc-parallel phase plate positioned in a
comvergent beam infroduces all kinds of aberrations,
These abermations must be corrected azs well,

From the argumenis mentioned above, it is clear
that each optical element In owr system should
perform the maximum number of power, polarizing,
and corrective funclions simulltaneously. Due 1o the
fact that therg are omly few f[ree correclive
parameters, their number zhould be increazed artifi-
cially by imtroducing inclinations and displacemenis

rather than by increasing the total number of ele-
ments. Preliminary calculations verified the fruitfal-
ness of such an approach (Kucherov et al., 1995,

3.3.1. Tracking channel/imaging polarimeter

With a wide-band achromatic phase plate, we were
able W choose the simplest layout which consists of
two elemenis (refarder and polarizer) only. As a
polarizer, 3 Brewster magnesiom fluoride plate will be
wicd (Fig. 1). Tt should be noticed that a technique
exists with which dismond-like thin films are
deposited on an arbiftrary substrate. This variams

e
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promises an increase in the device efficiency due to
high refractive index of diamond (garnet, etc.) which
slightly changes in a wide speciral band. This needs
further investigation because no information is avail-
able about the optical characteristics of such thin films
in the required speciral region,

The astigmatism and the weak coma introduced by
phase plate are corrected by giving & small positive
curvalure fo the surface of the polarizer. There is no
way o compensate for the phase plate chromatism,
but it can be minimized by tilting the plate by an
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Fig |, The mme as in Fig 8. Decenierings are fOr = =125 mm,
LF mm. Ly = =<0 mm, 10 mm. Relative compresson is 7, A

angle of =40 arcmin and by oblique ray incidence on
the detector.

Successfulness of the method proposed by us is
illustrated by the wave—aberration plots calculated
before (Fig. 4) and after (Fig. 5 correction, One can
se¢ Lhal astigmatism is completely compensated and
only a residual coma i still appreciable. On the
whole, the aberration is reduced by almost an order
of magnitude and the valees typical for the center of
the telescope's fleld of view have been reached.

Figures 6 and 7 preésent the corresponding spod
diagrams. The rms dispersion diminished only by a
factor of 3, which may be cxplained by an irremov-
able phase plate chromatism. However, the results
which were obiained from preliminary calculations are
quite conwincing and (here are further reserves for
decreasing the PSF.

3.3.2. Spectropolarimeter

The speciropolarimeter arrangement can be obtained
by adding a Wollaston prism fo the system (Fig. 1.
Naturally the sysliem partially looses ils panoramic
imaging propertics, and only point objects can be
observed, However, much better aberration correc-
tions can be achieved by some deformation and
decentering of the prism surfaces.

—F
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Calculations show thal the System, while exiremely
simple, is highly flexible and allows practically any
desired dizspersions, resolutions, and forms of spectra.
At the same time it allows correction for the initial
aberrations of the iclescope. Examples are given in
Figs 8—1{, One can see that o significant dispersion
compression al shorter wavelengths and compression
extenzion at longer wavelengths, i c., spectrum dis-
persion alignment, can be easily achieved for the
extraordinary beam to & reasonable degree. This will
increase the telescope’s limiting magnitude. The cor-
responding gain (the dispersion ratio in blue rays of
decentered and nondecentercd variants of the Wollas-
ton prism} s called “relative compression” in the
figure captions. The decenterings are chosen such
fhai both specira may make angles of approximately
45 degrees with the principal axes of the pelarizer io
equalize  the spurions polarization introduced by an
auxiliary oblique mirror in the ordinary and exiraor-

dinary specira.

Imaging quality for all given wvanants i3 moch
higher than the imaging quality of the imaging
pelarimeter anit, The initial astigmatism is corrected
partially by a slightly convex mirror and partially by
Wollaston prism imclinations, while the phase plate
chromatism iz compensated by deformations of the
prism surfaces and detector plane inclination. Spoi
diagrams for ordimary and cxtraordinary ravs are
displayed in Fig. 11.

This figure and the corresponding calculations show
that the PSF exceeds the detector pixel size only in
the extreme uliraviolet spectral region.

Thus, preliminary calculations confirm the feasi-
bility of oblaining high-quality polarization specira
with an arbifrary speciral resolution {up to several
thousands) and with convenient locations of the
spectra on the detector surface.
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CONCLUSION

Detailed calculations have clearly demonstrated the
posgibifity to create a high-transmission spec
larimeter based on a novel technology (UVSPEPOL),
The instrument has the following advantages:

1. For the next decads the UVSPEPOL will be the
enly polarization instrumeni operating with a large-
aperture telescope and covering the uliraviolet spectral
region,

L Only UYSPEPOL will be able to measure all
types of polarization over the whaole UV speciral
region (from vacuum to near UV),

3. Coupled to the Space Telescope T-170, the
device will provide a unigue limiting magnitude for
polarization modes and will outperform the HST in
this respect,

4. The instrument, while very cfficient, s very
compact, and its manufacturing cost is low.

J. The opporiunity for effective compenzation of
aberrations allows an off-axis positioning of the
instrument without interfering with other devices in
the instrumental section.

6. Spectral observations can be accompanied by
imaging obscrvations, which will not only increase the
amount of useful information but will also expand the
fanctional facilitics of the T-170 telescope as well
(pointing, tracking, cic.)
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