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PREFACE

The aims of the work reported in this thesis have been the design,
development and application of a narrow band polarimeter capable of measur-
ing small polarizational effects across spectral line profiles. These
aims have been met in full. An automatic photoelectric spectropolarimeter
has been constructed to record tﬁe HB line profile with 3 = 10'3 resolution
;:; to allow narrow bana polérization measurements ‘to be made simultaneously
at any two discrete wavelengths near HB. This instrument has been appliéd
successfully to the measurement of a polarization effect in the HB line of
blue sky light, to the investigation of intrinsic linear and circular pola-
rization Qf magnetic and other Ap stars and.to the study of intriﬁsic pola=-
rization of Be stars. A reduced polarization has been discoveredlin the HB
- emission lines of‘the shell stars Y Cas and & Tau, giving a new iﬁdependent
and direct confirmation of the intrinsic nature of the polarization of
these stars. Variability haé been observed in these effects and the hint
'_of further polarization.structure is reported and discussed. The thesis

falls naturally into two parts - Instrumentation (Part I) and Applications

(Part II).

Chapter 1 contains an introduction to astronomical optical polarimetry,

outlining the important possibilities associated with polarization measure-

ments across spectral line profiles and mentions recent advances in narrow

band polarimetry.

Chapter 2 discusses the instrumental requirements for the study and

describes the approach adopted for an HP scanning spectropolarimeter.

In Chapter 3 details of the optical and electronic arrangement of the



| new polarimeter are given, together with a few preliminary results of

stellar observations.

Chapter 4 contains an account of the investigations to which the pola-
rimeter has so fér been applied and in Chapter 5 the achievements of the
polarimetric method used are summed up and the importance of polarization

measurements with high spectral resolution are emphasized.

~

The 6riginal work of the thesis is contained in Chapters 2, 3 and 4,

thereby including the inétrumgntation development, the new observations and

their interpretation.

It is a pleasure to acknowledge Professor P. A. Sweet for the facili-

~ ties in his department. Thanks are due to all the members of the Astronomy
Department for interesting discussions and, in particular, Mr. W. Edgar, who
constructed the polarimeter, for his invaluable advice concerning various
aspects of its meghanical design. I am very grateful to Mr. T. H. A. Wyllie
for numerous discussions and assistance with some of the observations énd I
am especially indebted to Mrs. M. I. Morris for her exceedingly careful

reproduction of the diagrams and typing of the thesis.

The research topic was suggested by’Dr. David Clarke, whose ingenuity
and enthusiasm has beep’a source of great encouragement throughout. It is
a pleasure to acknowledge his guidance and assistance. Finally,'I would
like to thank my wife for her patfence and support and for transc;ibing

mach of the manuscript from rough notes during an injury to my right hand.

This wdrk was undertaken while the author was in receipt of a Science

Research Council Postgraduate Studentship. .

IAN S. McLEAN.



Normalised Stokes Parameterss

POLARIMETRIC UNITS AND DEFINITIONS

A glossary of thg most impoftant symbéls used in the text is given at

the end of the thesis. Summarised here for convenience are the definitions,
units and notation needed for the description of the polarization state of

light.

Stokes Parameters: I, Q U, V.

I represents total intensity; I = Ip + Iu' where p and u refer to the

polarized and unpolarized intensity components of the light. -

Q and U represent the two components of the linear polarization,.and

V the component of circular polarization.

Co-ordinate Systems:

When the Stokes parameters are referred to an arbitrary, right-handed
Cartesian co-ordinate system (X, y, 2z), with positive z-axis along the
direction of «propagation, this is denoted by attaching the suffices x

and y to the normalised Stokes parameters.

P, = Q/I = pcos2f
) P, = U/I = p sin 2¢
. q = V/I .

‘where p = (px"'2 + p;)'l' and @ = % arctan ;l ; P is the degree of linear
. p's
polarization, ¥ is the position angle of the linear polarization meas-

ured counterclockwise from the x-axis and q is the degree of circular

polarization.,

When the normalised Stokes parameters are specifically referred to the

astronomical equatorial co-ordinate system, the notation adopted is,



P cos 20

o]
-
L}

P sin 20

Pp

q

Here, © = 0° means that the electric vector is preferentially directed

+ N or S (parallel to the'1-axis), while €@ = 45° implies a polarization

directed NE or SW.

By defi;ition, positive (right-handed) circular poléfization occurs
when the eiectric vedtor maximum has increasing © with time (i.e. a counter-
clockwise rétation of the electric vector to an observer facing the sourcq).
This notation was adopted following IAU Colloquium No. 23, Tucson, Arizona,
1972. According to the "snap-shot" picture of the electric vector in a
beam of elliptically polarized light, given by Clarke and Grainger (1971),

the above definition corresbondé to a left~handed helix in space.

Units: ,
The degree of linear polarization p, and the degree of circular pola-
rization q, are generally expressed as decimal fractions or in percentage

notation.

For example, p =~ 0.60 or 60 per cent, is common in the terrestrial
blue sky, while the precision of the stellar polarimetry reported in'this'f'
thesis is typically about + 0.0002 or + 0.02 per cent; by "precision" is

meant the standard error (o) of the mean measured value of p or q.

When the precision is very high (~'+ 0.01 per cent or better) or the
values of p-or q very small, even the percentage notation becomes cumber-
some. One solution, in common use, is to multiply the fractional polariza-
‘tion by 104 ana express, for example, d(q) = + 0.00010 (= + 0.010 per cent),

simply as + 1.,0. ' These units are only referred to in Section 4.4 and in

.Table 3-20
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(Instrumentation)



1. INTRODUCTION

1.1 Astronomical Polarimetry

.In the opening chapter of the book "Planets, Stars and Nebulae studied
with photopolarimetry," based on the proceedings of an IAU Colloquium in
Tucson, Arizona in 1972, the editor, Tom Gehrels, remarks that '"now may'be
the last chance to produce a single volume containing all polarimetry; the
field is expanding so rapidiy." Indeed, although the polarization state of
light has béen a thoroughly respectable astrophysical observable for many
years, a casual glance ‘at the astronomical literature of the last half

‘decade reveals a remarkable upsurge of interest in instrumentation, new
observations and theoretical studies suggesting novel situations where

poiarized light might be generated.

A chronology for the principal events in polarimetry can be found in
the text already referred to (Gehrels, 1974), while a brief compilation of
mechanisms that produce linear and circular polarization, with the emphasis

on those of current astronomical interest, has been given by Angel (1974).

Outlined bgloQ is a review of the major.developments (until 1970) in
the study of those phenomena treated observationally in this thesis, viz.,
scattering of light in the terrestrial ;tméspﬁere, the intrinsic polariza-
tion of starlight, and polarization associated with Zeeman splitting of

spectral lines by a magnetic field.

Probably the earlies% recorded application of polarimetiry to astronomy
was by Arago in 1809. He found that the light from the sunlit sky is par-
tially polarized, established the fact that the polarization maximgm in the
sky is located at about 90° from the Sun and discovered the existence of a

point of zero polarization (the neutral point of Arago) at a position



20° - 25° above the antisolar direction. Arago also observed the polariza-
tion of two comets and of the Moon. An explanation of the polarization of
the blue sky was given by Lord Rayleigh (strutt 1871) in terms of'sgatter;
ing by particles of size much smaller than the wavelength of iight. However,
hig simple theory, while explaining several of the observed features of the
colour aﬁd polarization of the blue sky, failed to account for the location
of the neutral points and for the fact that the maximum value of thg degree
of polarization does not reach 100 per cent. The development of.the theory
| of scattering by spherical particles of arbitrary size (Mie, 1908) and, ﬁuch
later, the introduction of new theoretical techniques by Chandrasekhar
(1950), Sobolev (1963) and others, for the calculation of radiative transfer
 in relatively realistic model planetary atmospheres, has now providéa an
explanation for-the observed deviations from the Rayleigh theory. A good

review entitled "Polarization in the Environment" has been given by

Coulson (1974). «

.

A1l of the scattering mechanisms operating in the terrestrial atmos-:
phere have been considered to be elastic processes, that is processes ip
which no change in the wavelength of the. scattered light occurs. Recentiy.
Brinkmann (1968) has proposed the existence of an inelastic component of
sky light, produced by rotational Raman scattering from air molecules, in
order to explain the observation that Fraunhofer lines in the spectrum of
blue sky are "filled—iﬂ" relative to those in direct sunlight (Grainger and
Ring, 1962a) Noxon and doody (1965) observed that the degree of polariza-

tion decréased across the Fraunhofer lines in the blue sky spectrum and

associated this with the filling-in effect. Results of a further study of

~this phenomenon, for the HP line only, is one of the applications to be

discussed in this thesis.



Among the fifsf astronomers to attempt polarimetry of stars and
stellar-like objects was Uhman who observed, photographically, polarization
in the HY line of B Lyr (Uhman 1934) and in the light from the Andromeda
gaiaxy (M31) (Uhman 1942). This latter result probably foreshadowed the
“historical discovery that starlight could become polarized by passage
through the interstellar medium, however, perhaps the most important event
in stellar polarimetry occurred in 1946. In tﬁat year, Chandrasekhar pub~
iished the solution of the equation of radiative transfer for a pure
electron-scattering, plane-parallel stellar.atmosphere and predicted fhat
fhe emergent continuum radiation would be polarized as a function of posi-
tion on the observable disc. For a spherically symmetric star, no net
polariéation resﬁlts. For a binary sys;em,'howevgr, in which a hot éarly-
type star is partially eclipsed by a cooler companion, polarized light pro-.
duced by electron—scattefing from the visible part of the hot star, diluted
by light from thes cooler companion, might be observable during eclipse.
Somewhat inconclusive evidence for this effect was reported for the eclips-
ing binary U Sge by Janssen (1946) on the basis of photographic measure-
ments. It was apparent that the polarization effect was too small to be
convineingly detected by photographic polarimeters. Fortunately, commer-~
cially av;ilable photog}ectric sensors (in par@icﬁlar, the photomultiplier)
~ were coming into regul#r use in astronom& about the same time and photo-
electric polarization observations by Hail and Hiltner of the eclipsing
binary CQ Cep showed a constant polarization, also present in many field
stars with a similar parallax. Purther independent studies by Hall (1949)
and Hiltner‘(1949) led to the discovery that the light from the majority of
ﬁistant stars, irrespective of spectral type, was linearly polarizgd. The
amount of polarizgtion was strongly correlated to the colour excess of the

star, indicating an interstellar origin. Subsequently; there developed a



period of intense activity of observing interstellar polarization mostly
for the purpose of determining the direction of the galactic magnetic field,
assumed to be responsible for aligning elongated interstellar grains and
thereby causing polarization of starlight by forﬁard scattering. The photo-
electric polarimeters involwed were capable of a precision of about + 0.001,
that is, 0.1 per cent of total intensity (see, for instance, Hall:and

Mikesell 1950, Hiltner 1951, Behr 1956 and Fessenkov 1959).

Until 1959, all measurements were madé on so called white light and
observers paid little attentign to the wavelength dependence of stellar (or
planetary) pola{ization. Behr (1959a) found between 3700 X and 5%00 2a
small decrease towards shorter wavelengths for four stars and no such effect
for two other stars. Independently of Behr, measurements were made by
Gehrels and Teska (1960) using discrete broad band colour filters and a
double-beam Wollaston polarimeter with a Lyot depolarizer, leading to the
discovery of strohg wavelength dependence of polarization for stars, planets
and blue sky. Broad band spectropolarimetry of stars has since been exten-
ded by many workers, and much more insight into the nature of the<inter-

stellar material has been obtained.

The first indirect evidence for intrinsic polarization of starlight
.came some 13 years after Chandrasekhar's prediction, with observations that
the degree of polariéation of some stars changed with time, the changes
usually being correlated with variations in light (for example, Behr 1959).
More recently, it has been ghown that alﬁost all stars that show emission
lines in their spectrum, exhibit a peculiar wavelength depéndence of pola-
rization, distinct from that of the interstellar medium, implying intrinsic
effects (Serkowski 1968, Coyne and Kruszewski 1969). Polarization produced
by scattering in a circumstellar shell of material is one mechaniém.proposed

to account for the observed wavelength dependence.
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Although Hale (1908) discovered the existence of strong magnetic fields
in sunspots by means of polarization measurements of the Zeeman effect in
lines in their spectra{ it was almost forty years later before the magnetic

fields of peculiar A-type stars were discovered by Babcock (1947). Until
recently, these were the only stars known to possess magnetic fields. The
discovery of strong circular polarization in the light from white dwarf
stars (Kemp and Swedlund 1970, Kemp, Swedlund, Landstreet and Angel 1970)
associated with intense magnetic fields has stimulated considerable interest
in searching for intrinsic polarization, both linear and circular, in the
light from other magnetic and suspected magnetié objects and, indeed, for
interstellar circul?r polarization. Narrow band photoelectric polarimetry
with sufficiently high resolution to investiéate spectral lines, can be
ﬁsed to‘detect stellar magnetic fields, by observing the residual intrinsic
polarization of the line produced by Zeeman splitting, even when this split-

ting cahhot be sﬁectrally resolved.

With the high precisions now being attained in polarimetry (typically
0-01 per cent or better) ;e have come, at last, full circle, since it is now
difficult to study intefstellar polarization without considering the pos-.
8ibility that intrinsic effects may be present in the stars being used‘aé
light sources! This is.-especially true of stars of spectral class 0, B and

A and all others not on the main sequence.

1.2 Intrinsic Stellar Polarization = Stellar Line Profiles

Besides the well-known polarization associated with the Zeeman split-
ting, other polarizational effects have also been predicted to occur within
stellar line profiles. However, there is only marginal observational

~evidence to give qualitative support to suph theories.
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The first work in this field would seem to be that of Bhman (1934) who
noted that one wing»of {he Hy liqe of B Ly: exhibited §ome polarizationvphat
depended on the phase’ of this eciipsing binary. Other more recent observa-
tions are those of Tamburini and Thiessen (1961), who claimed that the equi-
valent widths of the Balmer lines of ‘some early-iype stars depended on the
selected direction of vibra;ion for observation. Both of these observations
were performed photographically. Clarke ané Grainger (1966) have also re-
ported a large polarization effect across the Hf line in ¥ UMa, which was
apparently confirmed, though photographically, by Dervis (1970) who attri-

buted it to the transverse Zeeman effect.

On the theoretical side, following Chandrasekhar's (1946) famous paper
predicting polarizational effects at the limbs of early-type stars, Uhman
(1946) suggested that the effects might be detected in such stars that also
present Doppler broadened absorption features as a result of rapid rotation.
{nman's simple théory consisted of subdividing the observed stellar disc
into three parts parallel to the.rotation axis and corresponding‘to the red
w{ng, line centre and blue wing of the spectral feature. By averaging the
~ components of the polarized flux in each sector, he formed the net ﬁglariza-
tion which, in & favourable case resulted in a differential variation of 0+8
per cent in the degree.of polarization across the line. Tge azimuth of
vibration would be expected to rotate thiough 90° going from either wing to
the line centre. Since Chandrasekhar's work involved the solution of the .
radiative transfer equation for a non-rotating, plane~parallel, pure-

scattering (i.e. grey) atmosphere, it is important to reconsider his

findings in the light of more recent research.

Harrington and Collins (1968) calculated the net degree of polarization

of the continuum flux to be expected from a rapidly rotating, pure-scattering,
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plane-parallel atmosphere. They found that up to 1.7 per cent net polariza-
tion might be obtained in this manner, however, since they assumed a grey
atmosphere no wavelength depen&ence or spectral-type dependence could be B
‘estimated. Harrington (1969) also demonstrated that larger polarizations
might result if the gradient of the source function was steep enough and
that such extinctions may arise in the atmospheres of Mira variables,

already known to exhibit intrinsic polarization (Serkowski 1966).

Intrinsic polarization a?ising in rotationally distorted non-grey
plane-parallel atmospheres from Thomson scattering by free electrons was
first tackled by Collins (1970). His results, applied explicitly to early-
type stars, indicate almost no net polarization (about 0:1 per cent) in the

visible but up to 2 or 3 per cent in the far ultra-violet.

Serkowski (1970) has pointed out that the only rapidly rotating early-
© type stars observed to show measurable polarization in broad bands are those
that have extended atmospheres or envelopes, as evidenced by the presence

of emission lines. Models of the complexity of those of Collins are not yet
available for extended atmospheres. However, Caésinelli and Haisch (1974)
have recently investigated the simpler problem of polarization by pure
electron-scattering (grey) atéospheres that are geometrically extended,
_using the numerical results of Cassinelli‘and Hummer (1971). In the latter
paper, the transfer equation for scattering according to the Rayleigh law
was solved for spherical, rotating atmosﬁheres wifh different density dis-
tributions. At the limb of «an extended atmosphere (i.e. at a line of sight
having tangential optical depth unity) the degrée of polarization-of.the‘
continuuh flux is very large, approximately 50 per cent, compared with only
11 per cent at the limb of a plane-parallei model. The inclusion of an

absorptive opacity (non-grey atmosphere) is ignored by these workers on the
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grounds that the extremely low electron densities present in stars with ex-

tended atmospheres implies that scattering is the dominant form of opacity.

To determine the net polarization Cassinelli and Haisch (1974) inte-
grated the polarized flux over the apparent projected areas of two models,
viz., a disc model and a Roche model (rigid rotator). A net degree of pola-
rization as high as 6 per cent was found for a disc envelope and 2 ﬁer cent

for a Roche atmospheric model.

There are two important points for narrow band polarimetry. Iirst,

. the net polarization of the continuum radiation of t§e underlying star could
be affected by unpolarized emission from the outer layers of the envelope.
Secondly, the high polarization near the limb of the envelope may be reflec-
ted in the structure of rotationally broadened line profiles, that is, we
have the Ohman effect. At first sight, it appears that the magnitude of any
differential polarization present in a Doppler broadened profile wili be
greatly enhanced. Unfortunately, the situation is complic;ted by the fact
that in an extended atmosphere the limb darkening is very severe, so that
the actual contribution of the outermost regions of the projected aisc may
be quite small. In fact, using the data given by Cassinelli and Hummer
(1971) then, at the "1limb" of the extended atmosphere, the radiation is pola=-
rized tangentially to the disec, with degfée of polarization of about 50 per
cent but the intensity is only 0+002 of that at the centre of the disc. Com~
paring this to 11 per cent polarization ahd a limb darkening factor‘of 03,
for a typical plane-parallel model, then it appears that Ohman's calculations
may be an overestimate by more than an order of magnitude. Nevertheless,
with polari@etric precisions of the order of + 0°01 per cent, and severely.

gegmetrically distorted rotating stars or binary systems, the effect should

' still be observable.
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In an investigatiﬁn of the effect of thermal Doppler broadening by an
electron-scattering atmosphere, Sen and Lee (1961) have shown that small
. amounts of polarization are likely to be present and to vary across both
emission and abéorption lines. Strong polarization effects in certain
solar metallic emissionllines arising from, for example, resonant scatter-
ing in prominences and the coronal plasma, have been discussed by Tandberg-
Hénssen (1974). Both these effects maé be manifest in the Balmer lines in

early-type stars and luminous giant stars due to the severe departures from

local thermodynamic equilibrium (LTE) encountered in their atmospheres.

- For the case of magnetic and suspected magnetic stars, the polarization
of their line profiles is associated with the Zeeman effect. The circular
polarization produced in the wings of stellar line profiles, by the longi-
-tudinal Zeeman effect, of;ers the possibility of detecting mégnetic fields
too weak to give a measuradble displacement of the o components of the Zee@an
triplet, by observation of the line profile alone. This effect has been
extensively used for many years in solar observations, very high precisions
(1-10 gauss) being obtained mostly through the use of photoelectric electro-

optic (Pockels cell) polarimeters (see, for example, the review by Beckers
(1970)).

In Babcock's classic work on stellar magnetic fields (Babcock 1960),
the measurements were performed photographicélly and the fields deduced from
the mean wavelength separation of opposite circularly polarized lines in the
stellar spectra. This technique is limifed to the investigation of sharp-
lined sfars, that'is stars which are int;insically slow rotators or those
which are seen pole-on. Babcock (1958), in his catalogue of magnetic stars,.
has listed over 60 stars,'mostly Ap and Am, in which the lines are too broad

or the fields too weak to yield a measurable splitting. Therefore, for
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these and weak-field stars of other spectral types, information on their

magnetic fields can only be determined by polarimetry.

Although the metallic lines have the largest Landé g—factors and the
lowest ratio of line width to Zeeman splitting, and hence the largest dif-
ferential polarization, obéervations of such lines require very high spec-
tral resolution (0:2 R or better). This resolution often implies.the use of
a spectrometer at the coudé focus, thereby increasing the difficulties of
inatrumental polarization because of the 6blique rcflections in the mirror
system (Clarke 1973), and necéssitafes fhe use of a large collector because
of the low throughput. An alternative approach is to observe very strong
lines, such as the Balmer lines. Narrow band interference filters with pass-
bands of 3 - 10 X enable most of the wings of, for example, the HB line to
‘be observed for polarization in étars of various spectral types. In this
case, the throughput is high but the numerical value of the fractioggl cir-
. cular polarization (q =V/I), on one line wing, is quite small, typically
q ~ 0-C33 per cent per kilogauss. Observationally, the antisymmetric
nature of q across the brofile effectively doubles this polarization and

the measurement efficiency is improved if both wings of the line are obser-

ved simultaneously.

Intrinsic linear'polarization associated with magnetic stars has been
sought for many years, (Thiessen 1961, Hiltner and Mook 1967, Serkowski
and Chojnacki 1969). However, most of these observations were made through
broad band filters,rather than across spéctral lines, where one would expect
the effect to show because of the Zeeman splitting. A quantitative analysis
of the transverse Zeeman effect in stellar atmospheres is much more coﬁpli-
cated than for the longitudinal effect (Stenflo 1971). In the simple case of

an unresolved triplet in an optically thin absorbing layer .the degree of
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linear polarization due to a transverse field is given by
2 2 2
p ~ (M)%. (a7T(a)/ar")

where I(A) is the line shape and A\ the Zeeman splitting. This gives three
* untresolved
[peaks, a central (n) component polarized parallel to the field direction
and peaks with the azimuth of thé direction of vibration rotated by 90o on
the wings (o components). However, the magnitude of the polarization is
small, p ~'(AA/P)2-q2 (where T' is the half-intensity width of the spec-
 tral line), at least for atmospheres in local thermodynamic equilibrium

(LTE) (Borra 1973), but the rotation of the azimuth of vibration should

aid in detecting the effect.

A

Further references and more detailed discussions are deferred to the
" relevant section of Chapter 4 which contains an account of the observational

aspects of the thesis.

1.3 Narrow Band Spectropolarimetry - Recent Advances

Outlined in this section are the most recent developments in astro-
nomical narrow band spectropolarimetry to July, 1974. It is most encourag-
ing to note that a rapid increase in interest in this subject has occurred
during the course of this research (1971-1974). Even now the field has

been barely opened. ‘-

In the binary X-ray sources, synchrotron emission by matter falling
‘into the magnetic field of a neutron-star secondary (or other highly col-
lapsed object) is one proposal for the origin of the X-rays (Foreman, Jongs
and Liller 1972), while an alternative mechanism proposed by Bachall, Kulsrud
and Rosenbluth (1973) is that X-rays come from the interaction of two mag-
netic stars which are not co-rotating. Kempvand Wolstencroft (1973a) report

the discovery of large variable magnetic fields in HD77581, associated with



17

Vela XR-1, and 92 Orionis proposed as the optical counterpart of 2U 0525-06. '
~ Analogous results were reported later for HD1539i9 (2u 1700-37), (Kemp and
Wolstencroft, 1973b). Detection was by means of the Zeeman effect in HB, as
measured by circular polarization on the line wings. Similar measurements

on the wings of Ho, together with profile scans, in HD77581 and HD153919 by
Angel, McGraw and Stockman (1973) did not indicate significant Zeeman

splitting.

The electro-optic method of measuring magnetic fields,‘developed by
Babcock (1953) for solar magn;tic measurements has been adapted by Severny
(f970) and Angel and Landstreet (1970) for the measurement of stellar fieids.
- Detection is by circular polarization in the wings of éharp metallic lines.
Severny (1970) rcports a survey of éight stars with standard errors betwéen
12 and 50 gauss and claims positive detection of magnetic fields of ~ 40
gauss in Sirius and ~ 200 gauss in Y Cyg and $§ Ori. Borra and Landstreet
(1973) and Borra, Landstreet and Vaughan (1973) have surveyed 23 stars,
‘mostly later than A0; they detected a field in ¥ Cyg on several occasions
but in no other stars in their sample. A few of these stars were observeq
independently of these workers by the writer and the results are described
later. A new technique, involving the use of a television camera with a
solar spectrograph, to.search for magnetic fields in bright stars, has been

employed recently by Auman et al. (1971).

About fifty white dwarf stars have been obéervéd by Angel and Landstreet
fér circular polarization in the wings of the Balmer lines (&ngel and Land- |
street, 1970a, b; Landstreet and Angel 19715. A discussion of these and
other measurements is given by Landstreej‘(j974) and both positive and |

negative results reported.
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Intrinsic linear polarization of HP and the conéinuum has been dis-
covered for three magnetic Ap stars, ID215441, 53 Cam and «® Cn (Kemp and
Wolstencroft 1973c, 1§74). The degree of linear polarization is larger
than expected from simple LTE theory of the transverse Zeeman effect (Borra,
1973), being of the same orger as the degree of circular polarization q,
that is, typically O-1 per cent or more. In a broad blue band (an ~ 1400 i)
centred on HB, the azimuth of vibration of the polarization of 53 Cam rota-
tes through 360° over one magnetic period and there appears to be a similar
behaviour within the HP line. Tﬁe results are compatible with thé oblique-
rotator model of magnetic stars. To account for the siée of the observed
component, a non-LTE process involving reéonant scattering in a magnetic
ficld (llanle effect) has been propoged by Finn and Kemp (1974). By intro-
ducing the decentred dipole configuration of the magnetic field geometry,
first proposed by Landstreet (1970), the observed features of the polariza~

tion variability can be reproduced.

Cn the basis of theoretical Zeeman-analysed line profiles, Borra (1972,
1874) has shown that a decentred dipole model can alter the interpretation of
- the orientation of the magnetic axes in Ap stars. It can also account for
the discrepancy.sometimes observed between photographic and photoelecfric
measurements of magneti§ fields, due to a tendency to overemphasize the

cores of the spectiral lines in the former method.

s

These recent successes have revealed the importance of linear and
circular polarimetry, with high spectralvresolution, of magnetic and sus~
pected magnetic stars. Unfortunateiy, tﬁe most interesting objects for
study are fainter than fifth magnitude, therefore a large collecting aperture

(2 2m) is essential to yield viable integration times.
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Capps, Coyne and Dyck (1973) have observed the wavelength dependence of
the polarization of the Be-spell star & Tau in the wavelength range 3006 2
to 2:2ym, by using a series of medium bandwidth filters. Their results sup-
port the suggestion by Coyne and Kruszewski (1969) that the polarization is
produced in a flattened disc about the star} Zellner and Serkowski (1972)
:eport unpublished narrow band linear polarization observations‘of & Tau
across HB wbich indicate that the emission is less polarized than .the neigh-
bouring continuwi. One of the major achievements of the poiarimeter descri-
bed in this thesis has been the discovery of a strong and variable depolari-
‘zation of the HP emission feature in the Be-shell‘st;r Y Cas (Clarke and
McLean, 1974b). Confirmation is also given of the effect in Z Tau. These
results give a clear indication of the intrinsic nature of the polarization
of emission line shell stars. 1In contrast, high precision measurem;nts at
HB of the supergiant a Cyg, which shows Ha emission, reveal no polarization:
effects. Variability peculiar to the HB emission feature of Y Cas has been
- established conclusively because the spectropolarimetgr (Clarke and Mclean,
19742) can record the stellar line profile and monitor the polarization at
two passbands simultapeously. The ieport of a similar depolarization effect

at Hx in Z Tau has been made recently by Coyne (1974, personal communication).

Pinally, it is interesting to note that narrow band polarimet;y has
recently been applied to the study of interstellar absorption Bands, viz.,
the 4430 X band. The presence of differéntfal polarization acfoss the 44303

band would indicate absoiption by impurity atoms distributed uniformly over
the surface or throughout the volume of the grains. Negative results are re=-
ported by A'Hearn (1972) and Martin et al. (1973, 1974), however a small but
definite polarization anomaly across the band has been reported by Kemp and

Wolstencroft (1974, preprint) for three stars.
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In the subsequent chapters the design and development of the Hf-spectro-
polarimeter is presented together with the results of the observations made

concerning the three topics mentioned in the introduction.
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2.' INSTRUMENTAL REQUIREMENTS FOR LINE PROFILE POLARIMETRY

2«1 Introduction

Any spectropolarimeter can be conceptually regarded as a combination of
an optical parf and an electronic part. The optical part contains elements
vhich modulate the -state of polarization of the light in a known way, at
each wavelength® interval isolated, to produce intensity variations which are
then measured by the electronic part. Included in the electronic part must
be a photodetector and all the electronics necessary to retrieve the infor-
mation contained in the detec£qr output.. It is also convenient to include
in the electronic part any automatic control of the optical components, since
that control must be synchronised with the signal-handling electronics. The
optical section can be further sub-divided into a ﬁart for achieving spectral
isolation and a part for performing polarimetry. .In making the combination

of all these parts several criteria must be met simultaneously.

When astronomical polarimetric observations are limited by signal noise
generated 'by the passage of the starlight through the Earth's atmosphere,
then the noise can be removed very effectively 5y using a double-beam pola-
'rizing prism and two detectors (see, e.g.,\Hiltner 1951, Gehrels and Teska
i960; Serkowski and Chojnacki 1969). With such a two-channel system, spec-
v tropolarimetry can be performed by using filters, having no polarizing

effects, prior to the double-beam polarizer, so that each resolved component

contains the identical spectral passband.

If spectropolarimetry is contemplated at medium-to-high spectral reso-
lution or with a écanning monochromator, then the application of double-beam
techniques with prior spectrai isolator loses its attraction. Both prism
and grating monochromators have polarizing properties and would introduce

parasitic polarization that must be calibrated out. Grating monochromators



22

are particularly troublesome in that their strong polarizances are very de-
ﬁendent on wavelength. Perhaps the only tyge of scanning monochromator that
might be applied successfully prior to a double-beam polarimeter is tﬁe
Fabry-Pérot interferometer. However, such a device is reserved for achiev-'
ing very narrow spectral passbands, and the noise on the measurements is
likely to result from photon spot noise rather than from effects of the
atmosphere; in this case, provision of the second channel results only in

a V2 advantage over a single channel.

For a monochromator giving rise to polarizing‘effects, it is obviously
‘better to place it after the polarimetric system so that it receives a c;n-
stant direction of vibration. In such a position, the polarizing effects
do not disturb the polarimetry, but they may control the signal level accof—
ding to the orientation of the monochromator. Obviously the orientation
which gives the best transmittance should be sought, but it may be wave-
~ length dependent.' However, it is now difficult to consider using double-beam
bolarimetry because of the awkwardness of directing the two resolved com=-
ponents into the same entrance aperture of the spectral isolator and recoup-
ing them for separate detection after the‘exit aperture. Except for simple
'devices such as filters, one would not hormally think of employing two sepa-
rate monochromators for each beam. Again, as mentioned abqve, at high spec-
tral resolution, we are likely to be limited by photon shot noise, and the

loss of the second channel is perhaps of marginal importance.

The considerations above suggest that medium-to-high resolution polari-
metric studies might be performed simply by using a single-channel polari--
metric system whose spectral passband is controlled by a following mono-

chromator.

In order to perform polarimetric observations of, for example, a
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stellar HP line profile, a typical spectral regolution of about 2.5 X at

ﬁﬁ is required. (However, one should also allow some scope for broader
passbands of 10. % to 200 & to be used). This kind of value does not readily
éo hand in hand with photoelectric specﬁrometry in that for conventional
medium-sized angular dispersive instruments, it is difficult to ensure
“acceptance of thé complete seeing disc by the entrance aperture without
losing the potential resolving.power. Since such spectrometers are also
physically large in propértion to the size of the collecting aperture of
small telescopés (0.5 = 1.0 m) they may cause problems of mounting and
flexure. Yet it is well known that for the brighter stars sufficient
energy can be collected by small aperture telescopes to allow photoelectric
recording of stellar spectra at a resolving power of 2 x 103 (A ~ 5000 X)
with good photometric accuracy (1 per cent) in quite acceptable observa-

tion times.

The next two sections review briefly the photometric accuracies and
integration times expected and the approach adopted to the problem of the
.matching of telescope/spectrometer systems. Section 4 discusses relevant
.  properties of narrow band interference filters and the last two sections

"elaborate on the polarimetric methods ﬁsed.4

2.2 Photoelectric Photometry

Ideally, thé precision of any photqmetric measurement should be limited
only by quantum noise, i.e. by the fluctuations in the photoelectron produc-
tion rate. The number of photoelectrons produced in 2_seconds by a photo-
cathode of quantum efficiency q illuminated by the light collected by a

telescope of aperture D cm from a star of magnitude m is given by

N(m) = ==\ A&A F, 7 q »° ¢ (2.512)™
4he :
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where the wavelength A and the séectral interval A\ are expressed in microns
(um); 7 is the total transmittance of unpolarized light by the Earﬁh's atmo~
sphere, the telescope and instrument optics;. Fk is the absolute flux den-
sity for a star of magnitude 0.00 (AOV), expressed in watts om™2 pm-1 and

is given by Johnson (1966) for various filter passbands, while h is Planck'

constant (6.626 x 10"34 Waz) and ¢ is the speed of light (2.998 x 1014 1)u

’

For a wavelength of 0.4861 um (HB), a passband of 0.00025 um (2.5 %),
an aperture of 50 ¢m and takingm = 0, 7 = 0.05, ¢ = 0.10 and FA = 7.2::10"12

W em™2 pm-1 for the B spectral band (A = 0.44 um) then
N(0) = 4 x 104.¢  counts.

Since fhe number of counted photoelectrons is approximately subject to
Poisson statistics the mean error of this number is /N i.e. the photometric
accuracy expressed as a percentage is 100 (N)-%. In a one second integra-

tion time in the above example the photometric accuracy is 0.5 per cent.

1

- This order of precision is extremely difficult to obtain, except under
excellent atmospheric‘conditions if an absolute photometric measurement is
required, i.e. if no means of compensating for atmospheric effects is pro-
vided in the photometer. Polarimetric precision, however, can be orders of
magnitude higher fhan photometric precision, because only relative photo-
metry is needed, and tQLs the effects of atmospheric scintillation, seeing
and extinction éan be eliminated or greaily minimised. For many astrono-

mical objects the observed polarization'is'very small, making such high pola-

rimetric precision obligatory.

If in a oné second integrétion time.atmospheric effects set a limit of ’
1 per cent on the precision of absolute photometry then, for the site, tele=

scope and wavelength passband given in the example above, the stellar magni-
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TABLE 2.12 ¢ ‘fporoximate Count Rates Bxpected from a star of marmitude

mn -
m = 0-C as a Function of Ai(u) and D(em). N=6:9 x 104.M.D2.t.(2-512) m

L]

with the values of A, F), 7 and q given in the text.

N 50 em 91 cm 250, cm
12 | 1.7 x 104 s 5.7 x 104 | 4-3 x 10°
2.5 | 4+3 x 10% 14 %107 | 101 x 10°
10 1.7 x 10° 5.7 x 107 | 4+3 x 10°
25 443 x 10° 1.4 x 10° 1.1 x 10
60 1.0 x 10° | 304 x 108 2.6 x 10/

100 1.7 x 10 57 x 10° | 443 x 107

P 1 3.3 (193) | 25 (3%5)

TARLE 2.1b : Interration Times (%) as a Funetion of m and Photon Noise

,
Limited Error ¢ (=N %) for A = 2.5 % and D = 50 cm.

€2t = 144452 x 1072.(2+512)" / (). D%

8 .
m 1% 05 9% 0:1% 0-054% C-01 % 0-005 %
0 | 023s| 02| 232 92.8 s | 2-32 x 10° | 9-28 x 10°
2|
1 | o058 | 2032| 580 {gjgzm’i‘nw 5.8 x 10° | 2+32 x 10
2
2 | 1446 584 | 1046 x 10° {2704 % 1971 1046 x 10% | 5+84 x 10*
27 % 103 |
5 | 368 | 14:6 | 368 x 10° [{ 4 X107 | 3068 x 10% | 1047 x 10°
. . 3
4 | 9235 | 368 | 9-23 x 102 21‘?2 x 1071 9-25 x 10* | 3069 x 10
. 3
5 232 928 | 2032 x 10 {?;%’;;g 2:32 x 10° | 928 x 10°

Por &A = 10 X, t->t/4;

t-1/100.

for D = 250 cm, t=+t/25 or for both conditions,
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tude at which this source of error equals the photon noise error is obtained

from : .
N(m) ~ 4 x 104 .t . (2.512)™
with N(m) = 10*'and ¢ = 1, i.e. m=~1.5. For fainter stars the dominant
source of error is photén shot noise but the integration time required to
obtain an accuracy of 0.5 per cent in the photometric signal is only 100 s
fér a star of magnitude 5.0. (The valu;s of transmittance and quantum
~efficiency were chosen tq give count rates that were roughly consistent
with those obtained with our polarimeter attached to telescopes of apertures
' 51 cm, 91 cm and 250 cm). Tables 2.1a, 2.1b are included to give some idea
of the count rates expected for various passbands and the integration times
required to obtain certain photometric precisions under photon limited con-
ditions. These times are easily related (Section 2.5) to the mean error
associated with the measufément of an individual Stokes parameter under

those same conditions. Of course, in practice, the observed count rates

must be employed to estimate the measurement precision or predict the total

integration time.

Although the resolution and photometric accuracy can in principle be
achieved it is necessary to take into consideration the enforced operating

conditions and the problem of maximising the amount of light reaching the

detector.

2.3 Matching of Telescope/Spectrometer Systems

When considering the transfer of light from one optical system to
another it is important to know.the luminosité (throuéhput) of each system
(aee'e.g. James and Sternyerg 1969, Jacquinot 1954, Meaburn 1970). The
luminosité of a system is usually defined by the relation

L=¢gAQ



SEEING
DISC

N

TELESCOPE COLLECTING ‘ FOCAL PLANE
APERTURE

Fig. 2.1 Effective luminosité (throughput.) of a telescope of aperture D,
with angular diameter of seeing disc,‘in the focal plane, a,

2 2 . 2202
. md° x(Fa) 1 aD%° 2
L = 7" 2 5 = 6 °m - sterad
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where ¢ = transmission cqefficient (e is often ignored, at least until the
term AQ has been evaluated), A= écceptance area and Q = acceptancé solid
angle. The most efficieﬂt transfer is achieved whén the subsequent systgm
has a luminosité that at least matches that of the initial system.," For the
case of a telescope and spectrometer, all the light collected from a star
can only be passed into the spectrometer if its entrance aperture is suf-
ficiently-large to accept the whole of the star's seeing disc. One can
consider the problem by thinking of the telescope aperture in combination
with the seeing disc as provi&ing an effective luminosité (see Fig. 2.1),

which may be written as

2
L = D2 a2 cm2 sterad.

16

D is the diameter of the telescope aperture (cm) and « is the angular dia-
meter of the seeing disc (radian). It is then a simple matter to compare
this expression with those for the luminosités of several types of spectro-

meter systems derived for given working resolving powers and with circular

entrance and exit apertures. For convenience these expressions are listed,

in Table 2.2, e

From Fig. 2.2 such comparisons show clearly that, for example, for a
telescope of aperture 50 cm.with a 10 arc sec seeing disc, at an opera?ing
wavelength of A = 5,000 'Y and a resolution of 1 2, prism spectroggters are
wholly inadequate, while a physically large grating spectrometer is required
to Just obtain an optical match under these conditions. On the other hand

the problem'is overcome by use of a Fabry-Pérot-type system and at the same

time a more compact instrument is achieved. .

Now the interference filter can be considered as being a special form

of the Fabry-Pérot with enhanced luminosité. Eather and Reasoner (1969)



TABLE 2.2

Luminosité expressions for several spectrometer systems

. achieving resolving power, R, with circular entrance apertures.

Spectrometer System

. Luminosité (Circular Lpertures)

Prism: base length t; height h;

- bh = area of refracting face.

2

—=) = dispersion of prism

oA material. -

Grating: grating area Ag; order of

interference m; Pl

of lines/cm.

Pabry-Férot: useful plate area App

Interference Filter: (cf. Fabry-Pérot)

useful area of filter

u¥ is an effective refrac-

tive index (see text).

Lp

2 2

I th duy
16 b oA

It is assumed that two neighbouring wavelengths A and A + dA are just re-

solved, in the focal plane of the camera lens, when their linear separation

is equal to the width of the image of the entrance aperture.



Log L (em? ster)

Fabry Pérot

(1 cm?)
Prism (base =i0cm); Grating (area = 100 cm?)
_ Log R
-8 . 1 1 - 1 1 1
0 ! 2 3 4 5 6 7

Fig. 2.2 Variation of luminosité (L) with resolving power (R) for the

spectrometer systems glven in Tablg 2.2 assuming the following
typical dimensions: =5x 1077 cm,

Prism: b=h, t = 10 cm, ap/ak = 600 cm~ 1,

Grating: i =0, m'= 2, d~1 = 3,000 lines/cm, Ag = 100 cm2.
Fabry-Pérot: App = 1 cm?. 2

Interference Filter: AIF =1c¢m, pﬂ-: 1.4

The horlzontal line 1ndicates the effectlve luminosité of a
telescope (D 50. cm, & = 10 arc sec).
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have shown that by tilting it to alter the position of its wavelength pass-
band, it has application as a scanning monochromator. Tilt-tuning of the
passband is common in filter photometry. I§ can be shown ihat, to a good
approximation, the relationship between the wavelength (0) passed by the

filter and the angle of tilt (B) can be represented by
‘ 2
A= A {1 - 8%}
“where A, is the wavelength of peak transmission at normal incidence and C is
a parameter related to the design of the particular filter. By tilting

through an angle of 15° from normal incidence a scan range of ~ 70 2 is

obtained.

Smail 25 mm diameter interference filters with fullwidth passbands
at half maximum transmittance (FWHM) of ~ 2 & = 10 % are readily available
commercially at reasonable cost; (the 2.5 £, and both 10 R filters used
in this study werc'a' manufactured by Thin Film Products, Infrared Ind.’

Incorp., Cambridge, Mass.).

Because of its simplicity, with small size and low weight, vhile accep-
ting easily the angular spread of a star's seeing disc, a tilting-filter
scanning monochromator was investigated for incorporation in a Line Profile
Spectropolarimeter. Apart from a low resolution study by de Vaucouleurs
| (1967) of red-shifts in the H and K lines of galaxies but which also inciu-
ded occasional star scans, this simple mefhod has not been applied pre-
viously to stellar observations and is a Eompletely oégéz:a} technique for

obtaining polarization measurements across any restricted spectral feature.

The advantages and.disadvantagea of the method and the relevant theory

are discussed in the next'section.
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2.4 Tilt-scanning of Narrow Band Interference Filters

The mathematical expression of the theory of interferencé in thin films
is often rather involved but is well treated in.some detail in, for example,
works by Heavens (1960) and MacLeod (1969). Applications of interference
filters in non-scanning circumstances are degcribed in papers by Cruvelier
(1967) and Meaburn (1970), while treatments of the tilt-scanning theory and
applications to extended sources, e.g. aurorae, are given by Lather and

Reasoner (1969) and Pidgeon and Smith (1564).

Briefly, the interference filter is a special case of the Fabry-Pérot
étalon., Empirically, Pidgeon and Smith have shown that the angle-scanning
behaviour in a collimated beam may be characterised by a monolayer of re-
fractive index pu* intermediate between the high and low refractive indices
of the component iayers. Therefore in the Fabry-Pérot equation

2ut cos § = na ,
g is replaced by ;*, resulting in an increase in throughput (lunminosité) by

a factor u*z. As a function of. external angle of incidence B the fractional

peak-wavelengtH shift is easily derived to be

0 = 1=-cos

.bvut sin @ = sin B/u* ‘therefore

A=A '1 - (1 - sin2 B )%

2 2
p*
A, |
: 2
ies A o= a, (1 -Ei"—-g)%
p*

where Ao = 2 u* t/n and is the wavelength of peak transmission at normal
incidence (B = 0). Clearly the shift is towards shorter wavelengths.

Pidgeon and Smith have shown that the approximate form of this equation
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ro= oA, (1= 535355)
2u*
is valid to an accuracy of about 3 per cent in the fractional wavelength
shift for values of B up to 40°. For scans of less than about 15° it i.s in
practice feasible to put sin B = B to obtain the relation ..
A= oA, (1 - c8%)

2

where C = 1/2u*°. This relation was verified experimentally in the labora-

tory for B < 20°.

The tra}nsmission coefficient at normal incidence is given by the Airy

Relation N

r(A) = (1+F ginZ -2-)-1

where F = 4R/ (1 - Rz), R being the reflectivity, at normal incidence, of
the reflecting stack consisting of a large number of quarter-wave dielect-
ric layers of alternate high and low refractive indices. The phase ‘differ-

ence between successive emerging beams is & = (4ny*t.cos #)/A.

‘ For high order filters at normal incidence, the passband, that is the

bandwidth at the half transmission point (FWHM), is given by

(AA)O = 2&0'/(nnF'})

[ Zad

where n is the order of interference. The terms passband and halfwidth 'a're -
used interchangeably to denote the FWHM'of the filter profile.

Since the reflection coating is essentially a dielectric surface it
will obey Fresnel's laws of reflection. Thus the reflectivity and hence the
transmission coefficient and passband, will be different for beams polarized

parallel and perpendicular to the plane of incidence. Also, phase.shifts

‘are introduced on reflection such that the wavelength of peak transmission
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not only changes but its rate of change is different according to the direc-~
fion of vibration of the incident light. Therefore, as B increases, the
passband develops into a doublet, the shorter wavelength transmittingbthe
iight polarized perpendicular to the plane of incidence. This is not
serious for tilts less than 15 to 20 degrees but can be avoided in a

polarimeter when the filter follows a fixed polarizer.

‘Although the maximum acceptance angle for an interference filter used
in a convergent beam is increased by a factor ~ p¥* over that for a normal
Fabry-Pérot étalon, resolution wil; be lost even at normal incidence. (For
the filters used ‘'by Pidgeon and Smith the bandwidth increased by about 14

per cent for an incident cone angle of 20°).

To sum up, the advantage of the high throughput of an interference
filter ovér prism and grating spectrometers has already been referred to.
The shift to shorter wavelengths of the positidn of the filter passband
| with tilt is nonlinear, but calibration to a linear wavelength scale is
easily effected. Although the filter passband (FWHM) increases with tilt,
’ i.e. the scan is recorded with a varying instrumental profile, the distor-
'tion by this effect on the profiles of broad features is small (see the HB
Iscans in Chapter 3); the broadening of fhe passband with tilt is accom-
panied by a decrease of transmittance, thus-offsétting serious signal level
changes when scanning a continuum. With unpolarized incident light, the
passband develops into a doublet as the filter is tilted, the component

corresponding to the direction of vibration perpendicular to the plane of
incidence transmitting the longer wavelength. Further,‘the halfwidth
increases at a slightly different rate for each of the two directions of
vibratioh, the perpendicula{ component having the slower broadening rate.

Such effects are negligible over the small angles of tilt necessary to
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"record the majority of line profiles but, in any case, the relative orienta-
tion of the polarizer and tilt axis has been chosen so that the most

favourable compoﬁent is selected. '

2.5 Measurement of Polarized Light

A broad classification of polarimetric methods has been given by'
Clarke and Grainger (1971) and a comparison of various types of polarime=-

ters for optical astronomy has been compiled recently by Serkowski (1974).

It has already been emphasised that narrow band polarizatiog.measure-
ments made with medium-sized collectors are limited in accuracy by photon
counting statistics except for the brightest stars. Under photon limited
circumsténcés the improvement in the measurement precision allowed by a
double-bean ratio technique is v/2 over that of a single beam method.
However, séﬁe kind of mode must be implemented to reduce the influence of
atmospheric effects if advantage is to be taken of higher count rates, when
. telescopes of larger collecting apertures are used. Employing tilt-scanning
narrow band filters in each beam of a two beam polarimeter in which each
beam is used as a single beam polarimeter, offsets the V2 factor of.the
double-beam ratio polarimeter exactiy since, in the identical 3g§gl'obser-
vation time the same precision of polarimetry can be obtained at two

s

spectral points simultaneousiy rather than sequentially.

Several single beam systems that achieve compensation for scintillation,
seeing and atmospheric extinction are in use and all of these employ AC tech-
niques, that is, rapid modulation of the Stokes parameters. For exampie;
the photoelastic modulators of Mollenauer et al. (1969), Kemp et al. (1970);
the electro-optic modulators of Angel and Landstreet (1970) and the Dollfus
modulator improved by Tinbergen (1972). Compensation is achieved by alter-

nating between the observables faster than dny time varying atmospheric
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effects (i.e. at frequencies of 10 Hz to 50 KHdz). With the use of modern
- phase sehsitive (lock-in) detectors and high speéd synchronous counting
systems these polarimeters are indeed capable of wvery high precision.
However, these systems are quite.expensive to construct initially, especi-
ally if two spectral regions are to be observed, using a double-bemﬁ
analyser, due to the doubling of the electronics. Further, with the ex-
ception of the Dollfus-type modulator, all of these instruments are

intrinsically non-achromatic.

An altermative method of'obtaining partial compensation has been
suggested by Clarke and Ibbett (1968). In this technique separate intensity
. measurements are made at discrete posifions of a phase plate (which could
be achromatic) and the counts integfated into separate channels. Frequency
components h;gher than 1 Hz-in the noise are easily averaged over a period
of a few seconds and the effect of longer term, quasi-periodic transparency
drifts and secular changes in extinction are minimised by cyclic chopp;ng of
‘the set positions of the phase plate and channelling of the output signal.
‘For three set positions of the phase plate, the first cycle is completed in
typically less than 10 seconds. This is a hybrid method which bears simi-

larities to a very slow AC mode and to a fast DC mode using pulse counting.

The mefhod Just outlined Qas ihe rather attractive feature of being
inexpensive since the necessary electronics is reduced to simple scalers,
one foi each channel., Clarke has shown the method to be capable of smooth~
iﬂg scintillation, q;cept at very low altitudes, and also capable of reduc-
ing systematic errors due to signal levelichanges arising from slowly varying
héze and thin cirrus cloud (meteorological phenomena). However, the tech-
nique has not been applied to the measurement of stellar polarization, at

least not to the very high precision required to detect differential linear
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Fig. 2.3 Double-beam polarizing prism giving a 45° separation of the orthogonally polarized components.

The polarizing axis of Beam 1 is used to define the x-axis of a right-handed Cartesian co-
ordinate system with positive z-axis along the direction of propagation of the incoming light.
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and circular polarization effects, across stellar line profiles.

Because of the simplicity, low cost, reasonable smoothing of atmos-
pheric effects, the possibility of monitoring two wavelength passbands and,
with suitable choice of the set positions of the phase plate, easy presenta-

tion of the Stokes parameters, Clarke's method has been adopted.

For the prototype instrument.a mica half-wave plate was useq prior to
the fixed dbublq-beam linear polarizer illustrated schematically in Fig. 2.3.
A simple half-wave plate, for wavelength A, is useful over a range of approxi=-
. mately 200 2 about A without serious error arising from departure ffom a re-=
tardation of n. The operation of this combination as a narrow band‘linear
polarimeter is easily described by the Stokes vector representation of par-
fially polarized light and the Muéller matrix calculus; introductigns to
these mathematical formulations and further references may be found in the

following books, Clarke and Grainger (1971), Shurcliff (1962) and Van de

¢

Hulst (1957).

AWhen coherence properties are not of importance, the intensity and
state of polarization of a light beam can be completely described by a set
of 4 scalars, all of dimension intensity. These are called the Stokes para-
meters, denoted by I, Q, U and V. I represents total intensity, Q and U the
two components of the i;near polarlzatlon, and V the circular polarlzatlon.
Q and U are related to the linear polarization intensity I = pI, where
p = the degree of linear polarization, and the position angle or azimuth (6)
of the major axis of the polarization ellipse by:s Q = Ip cos 2 9,.

U=1I, sin20 (see Polarimetric Units and Definitions). The fact that
radiation cannot be more than 100 per cent polarized is expressed by

I 2\,5,2 + U2 + V2. In astronomy, the angle @ is conventionally measured

counterclockwise from the direction of the northern celestial pole in the
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equatorial co-ordinate system. The effect. of an optical component on the
light beam is represented by a linear transformation of the Stokes para-
meters. If the Stokes parameters are written as a 4-vector, the optical

' component is represented by a 4 x 4 matrix:

1] [y By By3 my | [T
Sl [Tt T2 Tz My | |Q
v T PR TR B

_Vd out —?41 ' m42 m43 m44d _V.-in

Various useful Mueller matrices are summarised in Appendix I.

A natural Cartesian co-ordinate system for describing the new polari-
" meter is already provided by the double-beam polarizer (see diagram). The
matrix of an ideal half-wave plate with its reference axis at an angle «

with respect to the positive x-axis is given by

| | 10 0 0
| o ¢ s 0
] [R] = )
0o s -¢ 0
0o 0 0 -1 .

where C = cos 4« and S = sin 4«.

g

The half-wave plate/ideal linear polarizer combination is given by the

product matrix [M] where,

A
-t
o
o
o
Q
%
o

[M]-= [P][R] -z -o o 0 5 =C .o

o o
o O
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i.e. R -

1 :_"_C _-tS 0 . + // Y=-axis
[M] _ '_".1 C S 0 - // y—aXiS |
o ’ 0 0 0 0 ' '

0 0 0 0

— —

The emergent Stokes vector therefore has the form,

I I +Qecos 4a + U sin 4
Q' 4 |#I +Qecos4a +7Usin 4a
U T2 0
A 0

thus, the output light is completely (i.e. 100 per cent) linearly polarized
élong the mutually orthogonal axes of the double~beam analyser, independent
of @, while the intensity I' can. clearly be modulated according to known

values of « to obtain Q and U. Note that the V parameter is not involved.

. <
In terms of the measured signal (number of counts) the final expression
is .
N () =%G(Ichos4a:Usin4a) (1)
where the + sign refers to Beam 1 and the - sign to Beam 2 (the beam deviated
by 45°) of the analyser. G/2 is the instrument's response to unpolarized

light of unit intensity.

Although there are only two unknowns of polarimetric interest in the
above equation, viz., the normalised Stokes parameters Q/I and U/I. at least
three measurements must be made in order to eliminate the factor GI/2.
‘Various possible values of @ can be combined to reclaim Q/I, U/I. 1In fact,
for the work presented in this thesis two methods have been tried, viz.,

~ Pessenkov's method and the Stokes Parameter Method. Both methods are out-

‘lined below with reasons for preferring the latter.
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FESSENKOV'S METHOD

Intensity measurements are required at angular settings of the half-

wave plate separated by 30° or its equivalent (e.g. 120°). " If N,» N, and N3
'Y
correspond to the set of intensity measurements, taken in equal time.inter-.

‘ :vals, then the degree of polarization is given by (see Clarke and Grainger,

1971), | 3
, N, (v, - N2) + 1\12(1\12 - N3) + N3(1\I3 - N, o}

N1+N2+N

p=
3

and the position angle (or azimuth) of the direction of vibration relative

to the angular position of the first intensity measurement is given by

V3 (N, -N,)
tan 26 = 327

2N1. -N2 -I\I3

~ VWmen the degree of polarization is small then N, = N, = Ny =N, say,

the error in the degree of polarization can then be written as,
¢
AN
20
o - i3
3 N,

For photon limited intensities, AN, =\/F° y, or in terms of the total integra-

‘tion time t and mean count rate n*, N = in*t = 4N, where N = total count,

[2 2
" o AP = m B\/I-\I:‘ .

It is apparqnt from the above formula, applying to small p, (50.01 ’
i.e. <1 per cent) that N"¥ must be less'than or equal to p/3,/2 to allow
the mean value of the measured polarization to exceed the mean error by a
.v factor 3 (3 o criterion, where o is the standard error of the mean). For
example, for p = 0.01, N-% must be appréxima.tely 0.0025, i.e. we require

0.25 per cent photometry.

The main drawback with this 'sequence of positions, of the half-wave plate
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. 'is that the counts in the three channels bgér_little direct relation to the
Stokes parameters, making casual inspection of fhe data awkward. Also, for
a double-beam anﬁlyser, six separate counting channels are required and
although‘this is still a simﬁle and cheap proposition the next méthod to be
deécribed uses ‘only four scalers and most important of ;11, is'readily

adapted to the measurement of cirocular polarization.

STOKES PARAMETER METHOD

Returning to equation (1), §iz.,

= L [ Beam 1: +
N(«a) 5 G (I +Qcos 4a + U sin 4a) Beam 20 o
and setting a = O°, 45° (n/4), respectivelj gives

N(0) = FGI (12£Q/I):N (x/4) = FCI (17 Q/1)

from which we get b

\

N(0) - N(n
. '% Ngog + Nénéi% for B?am 1,
N(n - N(O
and % = NEO§42 N(n§4g for Beam 2.

Similarly, for « = n/8, 3n/8

U N(n/8) = N(3n/8) Beam 1: +
T = XXN(n/8) + N(3n/8) Beam 2: =~

Again, N can be understood'asvthe number of counted photoelectron;. For
smv‘all polarization N(x) =~ Jn*t, where t is the total integration time.
Assuming photon limlted measurements describable by Po;sson statlst;cs, the
mean error in each of the normalised Stoées parameters P, = Q/I and py = U/1
is easily derived to be .

_ [45(0) N(n/4) | , o | 2X(n/8) N(3n/8)
Py \/(N(o) + N(n/4))3 e y \/(N-(n/e)+N<3ﬂ/8))3
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which, for small degrees of polarization, reduces to Apx = Apy = (2,/n*t)%,

as expected.

1
Let ¢ = (2/n*t)7..

x2 + pyzg% and the position angle is

" The degree of polarization is p = gp
6 = }arctan (py/Px)’ relative to the x-axis of the polarizer. The mean
erfors can be shown to be

1
P

Ap ~ ¢ for p«1.00

2 yziﬁ}

2,2
?prpx + p,0p

Y
2
o o P, P, (Apx>

2p2 Py

and photon limited counts.

Apyz'i' o & |
+( ) o 28'65;, €D+

Py

Only two measurements are required to determine each Stokes parameter,
and an obvious and simple way to utilise this technique is to employ the
same pair of counting channels for each observation, i.e. record the Stokes
parameters sequenﬁially but within a very short time of each other. The
electronic controi system described in the next chapter is designed to
enable intensity measuremgnts to be taken at two click-stop positions of
the half-wave plate, the counts being accumulated in two scalers, the values
are printed out and the’two new settings of the half-wave plate selected.
The new counts are recorded in the same two scalers (which have been res;t,

-

of course) and finally printed out. It is not very difficult to make this

entire sequence fully automatic.

Apart from the saving in equipment and the convenient display, the
Stokes parameter method can be easily adapted to the measurement of the
‘fourth parameter V/I which describes the circular polarization component

-of the light.

Consider the Mueller matrix of an ideal quarter-wave retarder oriented

Cat :_45o with respect to the x-axis of the polarizer and placed in the

C



polarimeter prior to the half-wave plate;

beam is given by the produpt,

-
1 0
0 0
0 0
0 1

e

< d o

the Stokes Vector of the emergent

L

1

=

in words, the circular polarization component has been converted into a
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component of the linear polafization which can now be measured by setting

the half-wave plate sequentially to 0° and 450.

polarization is simply given by

= 3

=3

The degree of circular

= 7 N'(O) - N'("/’i)

N'(0) + N'(n/4)

where the - sign applies to the case of the quarter-wave plate oriented at

+ 450. Beam 2 of' the polarimeter gives the negative of the value derived

from Beam 1 if the counts (N') are subtracted in the same order as for Beam 1.

. Which orientation of the quarter-wave plate is involved can be determined

empirically by measuring a laboratory lamp whose light has been circularly

polarized with HNCP polaroid of known handedness. A more fundamental method

will be described in Chapter 3.

Therefore, at least in principle, the Stokes Parameter method gives a

very simple way'of measuring all the Stokes parameters despribing the pola-
rization state of the incident light. Before going on to describe the instru-

mentation, some possible sources of systematic error in the polarimeter,

¢

arising from the non-ideal nature of some of the components, will be

discussed.
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2.6 Possible Sources of Systematic Error; Non-Ideal Polarimetric Elements

" Firstly, consider agaix'u the ideal form of the intensity traﬁsmitted by

a half-wave plate and double-beam'analyser, viz.,
N(a) = ';:G (I +Qcos 4a + U sin 4a)

.If the initial angular setting of the half-wave plate is ao instead of 0°

and we define ’ .

. N(e ) = N n
Gy o) (o, + n/4)

x’a = : N(ao) + N(o + n/4)

etc.,

"\then the normalised Stokes rarameters referred to the frame of reference of

the double-beam analyser are related to these apparent values (suffix g) by

(px)a * cos 4o+ sin 4a_ P,

-(py)a + sin 4o + cos 4o P,
, s B 2 3 2 2\
' Thus the degree of polarization p = {px + Py } = {(px)a + (py)a}

is unaffected while the azimuth is rotated through 40:0 from the analyser's

frame of reference.

For the measurement of circular polarization the emergent intensity

‘relation with the quarter-wave plate inserted at + 45° was,
N";(“), = -;-G (I +V cos 4a + U sin 4o)
and now, if the starting value of « is oio (radians) we have,

Q. = :qcos4ao:

a y

sin 4o = Yq+4 Py,
for a« =~ 0, In this case it is therefozie important to ensure that &y is
very small, especially in the presence of a strong linear polarization com=-
ponent in the light. The effect described here is essentially linear-to-

cireular conversion (LCC). However, for small o, this problem can be vir-
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tually eliminated by one of two methods; (i)-orientate the polarimeter
such that the Stokes pérameter py = U/I is identically zero. Of course,
this requires that the linear polarization component of the light be known '
or measured before the c;rcular component. Case (ii), repeat the circular
polarization measurement with the entire polarimeter rotated through 90°
about the optical axis.‘ By this procedure the sign of the linear Stokes
.parameter py is reversed while the true fractional e¢ircular polarization.

q is unaffected.

Linear-to-circular conversion can also arise if the quarter-wave plate
is incorrectly set. Suppose that, relative to the ideal half-wave plate and
double-beam analyser combination, the quarter-wave plate is oriented at an

. angle of n/4 + d, where d is small. The intensity transmitted is approxi-
mately,

N(a) = —;-G'{I ¥ (V +2U8) cos 4o + (U + 2Q5 ¥ 2Vb) sin 4a} .

The apparent fourth Stokes parameter derived from the counts in the usual

way is : A
¢ = 7 N(0) - N(n/4)
a = N(O) + N(n/4)

and this is related to the real value of the fractional circular polariza-

tion, q’ by . L

qa = +q+2pyb .

It is not difficult to make 5=~0.1° (~1/570 rads). However, the same.

. measurement procedures as outlined above can be utilised to remove the LCC

component.

Lastly, re-writing the expression for the intensity transmitted by a

half-wave plate and double-beam analyser for the case when the analyser is
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not ideal gives

-\1+e€

N(x) = Jé-G (K1‘ +‘K2) I+ (-1-;5-) '(Q cos 4a  + ‘U sin 40:)

where € = K2/K1 and X, and X, are the intensity transmission coefficients
for the analyser. For an ideal linear polarizer K2 = 0, K1 =1, If the

analyser is nearly perfect then e«1, in which case

N(a) = -;-c;(x1 + K2) {I +(1-2¢) (Qcos 4@ + U sin 4a)}
Letting (px)a etc., stand for the apparent normalised Stokes param;ters
derived from the observed couﬁts in the usual way then, (px)a = (1 = 2¢) P,
_and (py)a = (1 - 2¢) py and, in fact, p, = P - 2ep. The effect is simply
to underestimate the degree of polarizatién without affecting the azimuth
of vibration. Measurements with Poiaroid pieces and on stars of known
polarization indicate € £ 0.01 for both beams. However, a less obvious
" consequence of an imperfect fixed analyser is th#t the radiation falling
on the photocatho&e is now elliptically polarized and the azimuth of the
ellipse oscillates slightly as a function of the half-wave plate orienta-
tion o, This may also introduce a small systematic error in the mea§ured

. polarization. Some of these relations will be referred to again in sub-

sequent chapters.

The remainder of the thesis is concerned with the description and appli-
cation of a prototype, twin narrow banq spectropolarimeter designed for ex-
ploratory work on polarization effects across the HP line profile. Specifi-
. cally, in Chapter 3 an account of the seve£a1 stages in the development of
this instrument is given (more or less in chronological order to indicate how
experience with the scanning system was acquired and new electronics developed).
Sufficiently detailed coverage of the electronic control system is included

and various calibrations and preliminary tests are also presented.
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© 3, AN AUTOMATIC TWIN HB-SPECTROPOLARIMETER

3,1 Introduction

At the beginning of this study, in October 1971, a very basic photo-
electric double-beam polarimeter incorporating a tilting interference filter,
.with a 2.5 ) passband and a normal incidence wavelength of 4872 X, was al-
ready under construction at the Glasgow University Cbservatory. The only
- half-wave piate available for use with this insfrument at that time was
centred at A = 5461.3 and was hand rotatable. After aligning the optics,
some simplé experiments using a D.C. amplifiér and pen-recorder were carried
6ut to determine if placing the filter priqr to the half-wave plate intro-
duced parasitic polarization. In this position, tilting the filter did
seem to-distort fhe instrument;l polarization and so the filter was even-
tually placed behind the doublé—beam polarizer to yield two independent

single~beam polarimeters as proposed in Chapter 2.

Before describing the development and layout of the polarimeter a dis=-

cussion of the filter-tilting scanning monochromator is given.

3,2 The HB-Scanning Monochromator

~

A schematic layout of the polarimeter at fhis stage is shown in Fig.
3;1. When the half-wave plate is removed the instrument becomes a simple
scanning monochromator:’in this case, for the Hb line profile. An eyepiece
was occasionally used in Beam 2 for guiding purposes. The double-beam
polarizer prism has already been described (see Fig. 2.3). It is a variant
“of the Foster (1938) .design and although this type of prism is generally

: régarded as not being coﬁpletely free from cross-talk between the beams it

does allow a simpler and more compact optical design than a Wollaston prism

and was already available at the Glasgow Observatory.
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Fig. 3.1 Schematic layoutOOf tilting-filter spectropolarimeter. An eyepiece or a second filter can be
placed in the 45 beam. The angle of tilt (B) of the narrow band interference filter is shown,

and the photomultiplier tube is indicated by PMT.
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The filter itself is circular (25 mm diameter) and is mounted in a
frame attached to a spindle set in a ball race. A lever arm is connecteq
to this spindle, enabling the filter to be tilt-scanned by driving a micro-
mefer against the arm. Return scans are achieved by tension in the coup-
-ling spring between the lever arm and the fixed micrometer mounting. 3By

‘design, the angle of tilt (B) is related to the micrometer reading (x) by
sin B = k(x -x)) (1)

Xy being the readirig of the micrometer when .the filter is at normal inci-
dence and k is ; factor related to the dimensions of the lever and micro=-

meter scale.

Figure 3.2 shows the normalised signals as a function of micrometer

_ setting for scans with the 2.5 filter of a hydrogen lamp (HB) and a zinc -
lamp (A 4810.5 %) taken in the laboratory, the peak for the latter line
corresponding to a fi;ter-tilt of about 12°. Since the wavelength passed

at normal incidence ié‘close to 4872 X, a tilt from 0° to 12° corresponds to
a scan of about éo 2. It will be noted that at the wavelength of the zinc
line, both the position of the filter passband and the halfwidth are Jjust

seen to be dependent on the direction of vibration of the polarized light.

Waveiength calibrﬁtion can be applied by obsérving laboratory spectrum
~ lamps. Combining equation (1) and the expression A= xo{1 - CBZ} we have
A= A ;1 -C [sin'1 x(x - x )] 2} (2)
o
If k is assumed known from the design, equation (2) contains three
, unknowns: X, Xo and C. However, only two calibration spect;al lines are
required within the scanning range, as fhe position of normal incidence on

the micrometer scale (xo) is easily obtained by scanning one spectral line

bon both sides of normal incidence. The two remaining unknowns can be ob-

L
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HB tilt scans with a 2.5 R filter of laboratory lamps (hydrogen
and zinc), with normalised signal levels plotted against the mic-
rometer reading. The separation of the passbands with direction

~of vibration of polarized light is just visible for the zinc line.
'The profile for the component polarized perpendicular to the plane

of incidence is drawn dashed.
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_téined by recording the micrometer positions corresponding to the pqak .

- transmissions for the two spectral lines. Wavelength calibration curves
for a particular temperature for the two directions of vibration of pola-
rized light are displayed in Fig. 3.3. As anticipated, the calibration
curve was found towbe slightly dependent on temperature. In order to ob-
tain reliable spectrophotometry, it may be ﬁecessary to provide a thermo-
étated enclosure for the filterf However, since on~the-telescope calibra-
tion is easy in the final version of the polarimeter (Section 3.4) and the
waveleﬁgth settings are always made empirically, by scanning the stellar

HB line for example, temperature stabilization has not been included.

With the aid of the wavelength/tilt calibration curve it is possible
to determine quantitatively first, the difference in the wavelength separa-
“tion of the passbands according to the direction of vibration of polariied

light and second, the broadening that the filter passband suffers with tilt.

At the extrémity.of our scanniﬁg range (the zinc line at A 4810.5 3)
the position of the passband shifts by less than 1 2 according to the direc-
tion of the vibratién, the perpendicular component providing a passband at
a longer wavelength. Over the small angles of tilt necessary to record the
’majority of stellar line profiles, this splitting effect might be neglected,
i.e. for ordinary spectrophotometry the monochromator may be used without
a polarizer.

In considering the scans of laboratory.spectral lines, it is assﬁmed

that the lines have negligible width, so that the recorded outputs essen-

tially display tﬁe profile of the filter at the wavelength of the line.

Assuming the calibration light to be accurately focussed onto a small
diaphragm at the focus of the collimating lens then, after applying the

wavelength/tilt calibration, the halfwidth of the filter profile, nominally
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Fig. 3.3 Wavelength/tilt calibration curve, for a particular temperature,
' derived by application of equation (2). .Tilt is determined from

micrometer displacements.

The curve is illustrated for direc-

tions of vibration of polarized light parallel to and perpendi-

cular to the plane of incidence.
cated by the dashed curve.

The latter component is indi=-
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2.2 § at normal inéidence (manufacturer's specification) increases to about
2.5 % at 4861.3 (HB) and to about 3 & at 4810.5 (Zn). If instead, divergent
light is piped by’fibre-optic tube to a diaphragm of larger aperture, a
slightly greater rate of passband spread is noted but the relationship bet-
ween A and B is unaffected. At the extreme of the scan, the dependence on
polarization of the passband halfwidth is just apparent, the difference being
about 0.5 % and the narrower profile corresponding tb the component of pola-

rization perpendicular to the plane of incidence.

.

Before any stellar observations are presented, a qualitative’look is

taken at the instrumental effects likely to distort the iecorded profiles.

It is well known that the record from'any scanning monochromator de-
pends on the spectral feature being scanned and on the instrumental profile
and halfwidth. In some studies the true spectral information is reclaimed

Qhen the instrumental properties are known.

!

With the tilting~-filter instrument, the halfwidth is observed to in-
crease by about 50 per cent over the complete scanning rangé. Over a typical
broad absorption line the halfwidth changes from a value of 2 R at one side
of the line to 3 3 at the other. Now for such features, scans by igstruments
of 2 & to 3 R profile halfwidths would show little difference. Consequently,

we would expect only slight distortions as a result of changes in halfwidth

_ of this order during a scan.

In fact, experience has shown that useful scans of HP in early-type

stars can also be achieved with filters of 10 & halfwidth.

An increase in signal might be expected as the passband broadens.
However, this effect is offset by the slightly more rapid decrease in the

total transmittance of the filter with tilt. The‘systematic error intro~
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duced into the photometry by the combined effect (approximately 5 per cent
over a 35 R scan) ¢an be removed, if necessary, by using the monochromator

to scan, for example, the continuous spectrum of a calibrated laboratory

source.

From the above conéiderations and the results of the laboratory experi-
ments it is concluded that it is possible to apply the tilting-filter tech-.
| nique to record broad stellar line profiles which, to a first approximation,
would hardly be distortgd. The results of preliminary observations are

presented below.

Preliminary Line Profile Scans

Records of HB line profiles of different stars, taken by continuous
scans with a D.C. amplifier and pen-recorder and with the instrument atta-
ched to the 50 cm telescope at Glasgow are reproduced in Figs. 3.4, 3.5 and
. 3,6, (Photocopies of the original tracings of these and other stars are
contained in Appendix II). These curves are means, drawn by hand, through
the noise on a single record. It will be remembered that these scans are
‘not corrected for noh—linearity in wavelength and that some distortion due
to changes in instrumental halfwidth and changes in transmittance may be
éresent. However, eveq‘at this stage there -are apparent in the recorded
profiles of stars, features which are dependent on spectralvtype and which
clearly will not be removed by calibrations. For examﬁle, compare the scans

of ¥ UMa (AOVn), B Ori (BSIa) and & Aur (GOIII) (see Fig. 3.4).

In Fig. 3.5, scans of « Aur, of the blue sky and a rather éimple simu-
lated scan obtained by convoluting a region of the solar spectrum (Minnaert,
1940) around HP with a 2.5 % vide rectangular instrumental function are com-

pared. Although no spectrometer has such a rectangular profile, this very
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Normalised records (2.5 X resolution) of HB line profiles of

Y UMa (A0), B Ori (B8) and @ Aur (GO) uncorrected for the non-
linearity of the wavelength scan. The wavelength scale is in
arbitrary micrometer units. Calibration marker pips are elec-
tronically imposed on the pen-recorder to facilitate subsequent
reduction.
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Fig. 3.5 Normalised records of HP line -profiles of « Aur (GO) and the blue
sky (Rayleigh scattered solar radiation (G2)). The bottom curve
shows a simulated scan of the solar spectrum achieved by conyolu-

' ting a high resolution spectrum (Minnaert atlas) with a 2.5 X wide
-rectangular instrumental function. All spectra are displayed,
‘with the non-linear wavelength scale of the instrument.
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Fig. 3.6 Figures 3.6(a) and 3.6(b) show the normalised records (2.5 %

: filter) of the HP line in n UMa (B3n) before and after calibra-
tion to a linear wavelength scale. A comparison record obtained
with a large photoelectric grating spectrometer and a larger
telescope aperture is reproduced in Fig. 3.6(c). For contrast,
the strong HB emission feature of Y Cas is also shown. The
wavelength scale commences at 4830 1.
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simplified instrumental function aoes successfully give a crude estimate of
the profile obtained wifh a 2.5 2 filter. Except for the weak effecf of
_Rayleigh scattering, scans of the blue sky (solar spectrum, G2) and of « Aur‘
(GO III) are similar. Comparison with the derived convoluted scan shows that
the scanning monochromator introduces remarkably little distortion to a re-

corded profile.

L

The effect of correcting the linear micrometer scale to a linear wave-

- length scale, by the wavelength/tilt calibration procedure deécribed earlier,
can be ascertained from Fig. 3.6 for the case of n UMa (B3n). Clearly, even
before reduction to a linear wavelength scale, the recorded data gives a good

indication of the shape of a line profile.

Without further reduction, the recorded HP profile of Fig. 3.6(b) com=
‘pares extremely well with the profile of Fig. 3.6(c), recorded by a large
photoelectric grating spectrometer attached to the 120 cm telescope at Asiago,

C(afkt and ‘Gi‘cftnsef, 1966
Italy (G?&éﬁgea—aad—ﬁéngw-49éée. Because of the particularly poor seeing
conditions prevailing on that occasion, the grating instrument was ccmpelled
to operate below its maximum resolution to enable the entire stellar seeing

disc to bg accepted. Sharply contrasting the wide, rotationally broadened
profile of n UMa is the strong HB emission featﬁre of the Be star ¥ Cas
(Fig. 3.6(a)). . -

For the brighter stars the single channel line profile scans are not
photon shot noise limited but rather are limited by scintillation noise and
transparency changes océurring during the scans. The noise on the original
records of the scans in Figs. 3.4, 3.5 and 3.6 is typically several per cent
of the brightness level (§ee the next section and Appendix II). In the fol-
lowing section similar line profile scans are discussed with the instrument

once again operating as a polarimeter.
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3,3 Polarimetric HB Line Profile Scans

Polarimetfy was initially performed.by recording HP profiles by D.C.
émplifier and pen-recorder at each of three positions of the half-wave plate
separated by 120° (equivalent to 300 intervals).' From the three intensi-
ties obtained at a given wavelength in tﬁ; scan, the degree of polarization
(p) and relative azimuth (6) can be evaluated by Fessenkov's formula (sée
Section 2.5). However, although reasonable Qavelength scans were obtained,
transparency changes occurring during the time period (st O—miwned required
‘to record thrge line profile scan§((;;gi:;3flhe detectivity of polarization
to about 2 = 3 per cent. Examples of actual pen-recorder tracinés are shown
in Pigure 3.7. .Therefore’from the outset it was clear that, except under

excellent transparency conditions, the polarimetry would have to be carried

out quickly at each spectral point.

To achieve this the D.C. amplifier and pen-recorder were supplemented
Qith a simple puise counting system consisting of a commercial preémplifier,
amplifier and discriminator followed by a six figure scaler/timer, of the
writer's own design, emplgying cold-cathode neon tubes and TTL integrated
circuit counters. A simple electronic gating system and timer allowed the
signal to be counted for a preset time in the range'o - 9 secs. The accumu~
lated totals were then written down and the display cleared ready for re~
starting. Meanwhile'a companion observer rotated the half-wave plate
through 120° to a new position and the count sequence was repeated. In
this way the three intensi?ies necessary for the Fessenkov method 'were ob=-
tainéd in about 15 - 30 secs at a discrete.tilt/wavelength of the filter.

The procedure was repeated many times at this wavelength to improve the

mean value of p, before selecting another part of the line.

To avoid the chore of recording the data by hand, and the associated
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fime lag, an attempt was made to resurrect a 3-channel electronic system

' devéloped by Dr. Cla:ke some years previously and which employed a printer.
}Uﬁfortunately tﬁis system, being out of ;egular use, was prone to mechanica}
failure of the printer. Nevertheless sufficient experience was gained with
this system to establish that polarimetry bf Clarke's slow chopping and
integration method resulted in photon-limited polarimetry with a 2.5 2

passband filter and a 51 cm (20-inch) telescope.

To observe the effect of photon shot noise on the polarimetric data,
it is convenient to evaluate the normalised Stokes parameters P, = /1

and p = U/I where,

p,=pcos’2f and py=psin2¢

vwhere p is the degree of linear polarization and ¢ is the angle of the direc-
tion of vibration relative to the position of the first intensity measurement.
When the light source is unpolarized and the instrumental polarization is

zero, the average values for P, and p  over a very large number of measure-

y
ments should'theq converge to zero. If the light source is unpolarized and
P, and p. converge to constants, then these are the normalised Stokes para-

meters of the instrument (plﬁs telescope) at the oriéntation and wavelength

passband.

.-

. Pulse counting, single beam spectropolarimetric observations up~to
1972 Oct 19 were made with relatively short integration times. Data‘taken
at only two wavelength positions, corresponding to the centre of the line and
a point in the continuum on the short wavelength (vlue) side, were reported
. in a paper presented to IAU Colloquium No. 23 (1972), (Clarke and McLean,
1974a). These preliminary observations included the five stars listed in
Table 3.1. Compared to resulis obtained later, the data shown in Table 3.1

is very poor and definitely indicates systematic instrumental polarization

-



63

Table 3.1 Preliminary observations of.the normalised Stokes parameters p_

and P, (in per cent) at the HB line and in the nearby continuum (1972 Oct 19)

Integ.

e | 2| T s
o Lyr HB - + 0.41 + 0.20 + 0,82 + 0,23 264
cont. - 0.05 + 0.17 + 0.44 + 0.34 120
Yy Cas | | HB - 1.62 + 0.37 | +0.38 % 0.44 216
cont. | = 0.54 + 0.46 | + 0.31 + 0.57 120
eCas | H - 0.77 + 1.89 | - 0.55 % 0.73 | . 144

3.

Y UMa HB - 0.49 + 0.71 = 0.46 + 1.06 240
cont. +0.12 + 1.36 | - 0.43 + 0.44 96
Z Ori HS = 0.77 + 0.43 - 0.05 + 0.56 288
cont. - 0.50 + 0.27 + 0.59 + 0,38 288

NOTES: The errors have been obtained from repetitive measurements taken over
24 second periods and ‘the total integration time and mean values of Pyr P

Yy
built up from this series.

1 Well-known emission line variable star.
2 Listed by Tamburini and Thiessen (1961). .

5  Listed by Clarke and Grainger (1966).
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errors of about 1 per cent. However, the experience gained was sufficient
- to warrant the development of a new polarimetric system based on the same

vprinciples.

Beginning in'the autumn of 1972, the desién and construction of a new
éompact electronic _control system for a twin narrow band polarimeter which
would employ 4 set positions of a half-wave.plate at angular intervals of
223° (n/8), was initiated; in practice, measurements are taken in pairs
with angular.separations of the half-wave plate equal to 45°, i.e. the
Stokes Parameter Method (see Section 2.?). This system is simpler to con-
struct electronically than a three-channel Fessenkov system and the pairs
of intensities lead direetly to the Stokes parameters. Several changes
and additions were made to the original polarimeter described above, these

~and the final instrument are presented in the next section.

3.4 The Optical Arrangement of the HB-Spectropolarimeter

A cross—sectional view of the optical assembly of the final twin pola-
rimeter is shown in Fig. 3.8. A4s before, the principal components are a
collimating lens followed by a rotatable half-wave plate and a fixed double-
~ beam polarizing prism giving a 45o separation of the outgoing beams. The
vinstrument is shown attached to the Cassegrain focus of a telescope (usually

" the £/8, 51 cm Ritchey-Chrétien at Glasgow).

In the focal plaﬁe of the telescope is a two-position slide carrying a
pair of different sized aperture stops. To enable the stellar image to be
quickly centred in the aperture stop, two righf angled prisms mounted in re=-
tractable tubes, with suitable eyepieces (e.g. Kellner x10), deflect the
light beam by total internal reflection before and after the diaphragm
nolder. Variable illumination of the rear of the diaphragm (not shown in

 sketch) is provided by a miniature low voltage lamp.
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Located very close to the diaphragm slide.is a thin retractable pipe
ﬁousing a fibre-optic tube the other end of which can be inserted into an
aluninium box centaining laboratory hydroge; and zinc lamps. The fibre-
optic tubing is about 90 cm long and the unit containing the wavelength/tilt
calibration lémps is easily made fast to the telescope near the polarimeter.
This méthod for fiping light to the polgrimeter diaphragm does not simulate
the telescope geomeiry and the beam incident on the interference filfers is
not well collimated. Ho&ever, the technique allows the emission peaks of HP
and the zinc line at A 4810.5 & (see Fig. 3.2) to be very easily and quickly
.correlated with the corresponding micrometer readings, while the polarimeter

is on the telescope, and this is all that is required.

The basic polarization modulator consists of a rotatable mica phase
plate (2 cm square sandwiched between giass, its‘édges parallel to the fast
and slow axes) giving half-wave retardation at.HP (4861.3 X) and mounted
close to a position corresponding to an image of the telescope collecting
aperture. A thrust bearing assembly, driven by a small stepping motor, en-
. sures smooth rotation of the half-wave plate at all orientations of the
‘. polarimeter. Attached.to the motor shaft is a pointer allowing the relative
" orientation of the half-wave plate to be read off on an angular scale on

the external casing on.the polarimeter.

Two narrow band interference filters are mounted: one in each beam,
behind the polarizing beam splitier to provide spectral isolation. Since
the filters are still within collimated beams no appreciable spread in band-
width results. Both tilt mechanisms are similar to those described in
Section 3.3, except that for Beam 2 no lever arm, micrometer or motor drive
are présently available, but instead a direct reading aﬁgular scale is atta-

ched to the spindle, the latter being turned manually.‘ 4 small, digitally
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controlled stepping motor eventually replaced the synchronous motor drive
system, originally used in conjunction with a pen-recorder, for line profile
scanning. Two tilt mechanisms (lever arm type, direct tilt type) are avail-
-able for each beam s0 thaﬁ four filters can remain undisturbed in their
mountings at any one time. Interchanging the pair of filters assigned to
each beam is therefore a simple matter. Also available in one of the beams
is a frame enabling 2" x 2" glass or gelatine filters to be inserted for

broader passband measurements.

The last optical elementé are two Fabry lepsés. These lenses are fitted
on the end faces of the instrument case and can be adjusted to transfer the
iﬁage of the teiescqpe collecting aperture o§to the photocathodes of the
‘bhotomultiplier tubes. Tor ease of transportation and interchanging of de=-
tectors, the photomultiplier housing, cooling jacket and preamplifier box
were constructed as a single unit detachable from the end faces of the

aluninium casing of the polarimeter.

It has already been §hown in Section 2.5 that an ideal half-wave plate/
analyser combination does not modulate circularly polarized light, thus the
instrument is essentially a linear polarimeter. To enable the measurement of
the fourth Stokes’ parameter describing the circular polarization, a quart;r-
wave retarder for HB with its reference axis at + 45° to the polarizing axis
of Beam 1 (x-axis of system) must be inserted pfior to the half-wave plate.
To facilitate this, accurately machined two-position slides are located be-
tween the collimating lens and the half-wave plate. In one position, a
‘quarter-wave plate can be set accurately parallel to the x-axis while in the
second position it can be oriented at + 45°. Usually, the second position is
chosen (+45°) and the_other is left empty so that the instrument can be con=-

‘verted to a circular polarimeter by simply pushing in this slide to its
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second position. Another identical slide, adjacent to the first, allows

additional phase plates or calibration polarizers to be inserted easily.

The polarimeter casing itself is a jointed box machined from aluminium
plate and therefore free from flexure; it is comple%ely deﬁountable. One
face of the casing is detachable, giving access to the optical éomponents
for levelling and otﬁer adjustments. The overall length of the spectropola-

rimeter is 80 cm (31.5 ins) and it weighs approximately 18 kg (40 1bs).

3.5 Electronic Control System and Operational Modes

Having decided to concentrate the initial pelarimetric investigations
on the HP line, blue sensitive EMI 9502 B (S11 cathode) photomultiplier
tubes were used. These are high gain devices with quantum efficigncies
about 14 per cent near HB. Commercial preamplifiers were adapted for use
with fast pulse counting by inserting a 68052 leakage resistor across the
input to earth. ’With a 50 Q coaxial line this arrangement gave negative
Pulses of ~ 1.5 V peak. By suitably reverse terminating the line, a small
linear integrated circuit (pA 710) wired as a pulse height discriminator
also acted as line receiver. This device has a fTIﬂ%ompatible output but

.fhe output pulse width is dependent on the time for which the input pulse
exceeds the applied reference voltage. To standardise the pulse width the
output from the uA 710 is fed directly to the Schmitt trigger input,of a
SN 74121 TTL monostable integrated circuit with a time constant of 100 ns.

Both devices were mounted very close to the TTL counting c¢ircuitry. The
bandwidth of the electronic system is about 1 = 10 MHz and is limited by
the preamplifier, i.e. for average count rates 2 1 MHz counting losses and

non-linearity in gain are serious.

In practice, an average count rate of 5 x 105 counts per second was

6n1§ rarely encountered (mv = 0.0, A\ =10 3, D = 91 cm) because of the

¥ TTL  weans Tramsislor Trwmsishor Loalc
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narrow passbands involved. To enable the handling of higher count rates
associated with use of the polarimeter on larger collectors, it will be
necessary to employ a pulse counting system with a wider electronic

bandwidth.

A block diagram of the entire polarimetric system is shown in Fig. 3.9.
Note that each beam is provided with only two counting channels aithough
four intensity measurements are required for a determination of the degree
of linear polarization, p, and the azimuth, 6. The system is designed to
measure the Stokes parameters'one at a time. Each counting channel pre-
scales by a factor 10 and has a five figure digital display employing cold
cathode number tubes ("Nixies"). The counts from each channel (two per beam)
are transferred in Binary Coded Decimal form to a 21 column, parallel input,

digital printer. Electronically, Beam 2 is an exact replica of Beam 1.

N Stérting with the half-wave plate at some angular setting «, relative

to the usual axeé, the count sequence is initiated, enabling the standardised
Tulses originaé&ng from the two photomultipliers to enter independent count=-
ing channels for a preset time T. At the end of this time interval, the

counters are inhibited and the stepping mdtor turns the half-wave plate

through 45° (795 per step) to a new "click-stop" position (a + n/4).

The step pulses éfe counted and the sixth pulse triggers a delayed auto-
matic restart signal to the timer,.but now the detector oﬁtput pulses are fed
into a second pair of independent counters. At the end of T seconds, the
stepping motor returns the half-wave plate to orientation & and the cycle of
discrete intensity measurements at these two orientations is repeated C times,
i the counts in each charmel (two per beam) being accumulated. The number of
cycles (C) can be preset in the range 0 - 9. When the last cycle is comgle-

ted the totals are automatically printed out by the digital printer and the
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circuitry employs 74 series TTL integrated circuits.

Enclosed area forms a single unit.

The logic control

oL
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display cleared ready for restarting. Various optioﬁal modes of the polari-
meter are available according to the way in which the half-wave blate and
tilting-filtexr steppihg motors are controlled from the front panel of the

display and control unit.
OPERATION MODES:

(i) Linear (or Two Parameter Moéé):_ Intensity measurements are made at two
set positions of the half-wave plate, viz., ¢ = 0°, 450, corresponding to the
Stokes parameter p = Q/I. The signal is integrated for T secondg into each
channel, the two-channel cycle repeated C times and the accumulated counts

- printed out. A similar sequence then occurs for the settings « = 22%0, 67%0,
yielding py = U/I. This entire procedure is automatically repeated, alter-

nate black and red print being used to identify the two groups of counts.

(ii) Circular (Single Parameter): This mode of operation is simply the
previous one, coqfined to two orientations of the phase plate, e.g. 0° and

450. Obviously either of the two linear Stokes parameters could be studied

independently by this mode but its real.usefulness is apparent when a
quarter-wave platé with its reference axis at + 45° is inserted. As demon-
strated earlier, £he quarter-wave plate acts as a V—=Q converter. Hence,
for the rotatable half-wave plate working between 0° and 45° the accumu=-

1.

lated counts determine q = V/I.

In principle, with judicious usage of the quarter-wave and half-wave
plates and the polarimeter orientation, the single parameter mode can be
used to measure any one of the Stokes parameters Pyr Pyr Q and the two

y
parameter mode can be employed to obtain any two of them.

(iii) Photometric: In the photometric mode the half-wave plate remains

stationary (preferably always at a = 0° for consistency). The polarimeter
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can therefore bte used as a polarization sensitive double-bean photoelectric
photometer. Only if the polarizing optics are removed does the instrument
become a true photometer. As before, the signal is chopped for T seconds
into each of the two channels and the cycle repeated C times. This elec-
Q;onic mode is best suited for recording the intensity of the sky background,
: .
dark counts from the photomultiplier tube or. the photometric signal when
digitized line‘profile scans are being recorded by cont;olled tilting of the
interference filters. If the filter in Beam 2 is at a fixed wavelength, and
thét in Beam 1 is used for tilt-scanning, the ratio of the signal outputs .
will compensate for scintillation and %ransparency changes during the line
profile scan, when these are the dominant sources of noise. The instrument

in this mode operates like a simple scanning monochromator.

(iv) Continuous Rotation:. The stepping motor can also be made to step
continuously (typically at ~ 20 Hz) independently of the pulse counting

electronics.

- (v) Foﬁf Quadranf Mode: This useful mode is identical to the single bara-'
meter mode inasmuch as it positions the half-wave plate at @ or « + 45° and
channels the counts accordingly. However; after the printout occurs and the
vpﬁase plate is returned to «, the display is automatically cleared, a is
advanced (either direction is possible) by 224° and the sequence is restarted.
Following each subsequent print, the half-wave plate will continue to advance

by 22%9, eventually completing a rotation of 360°.

Wavelength Scanning:

Initially; line profile scans were made by D.C. amplifier, pen recorder
and a synchronous motor drive as already described (Section 3.2). Later,

some HB scans were taken by setting the micrometer which drives the tilt

mechanism, by hand, to several. discrete positions in turn and integrating
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the signal counts for T = 3 seconds (1 cycle) at each spegtral point. PFin-
ally, however, in early 1974, a small logic controlled stepping métor which
could turn the micrometer in integral revolutions was incorporatéd-in the

system. The motor was mounted on a slide to enable the gears to be easily

disengaged theredby allowing any starting hicrometer reading to be seti up.

Once a satisfactory number of folérimetric measurements have been com-
pleted at a given wavelength position, a control switch can be thrown which,
after the next print, will cause the wavelength Scanning stepping motor to
drive the micrometer in the Aireqtion selected for the number of revolutions
selected (0 = 9). The oscillator controlling the pulsing of the stepping
motor is provided with four speeds giving micrometer revolution ratgs of
0.1 rps, 0.3 rps, 1.0 rps and 2 rps. When the tilting motion is complete
the polarizatiéh measurement sequence is‘automatically restarted. At any
time during a polarimetric run at a particular wavelength, the observer can

alter the proposed direction of scan, number of micrometer revolutions (i.e.
ﬁavelength interval) and, if necessary, the scanning speed in preparation.
for the next wavelength change. TFor some applications it is convenient .to
move on to a new wavelength after every printout and to reverse the scanning
sense after a certain number of spectral points have been studied. The
present system provides the following simple options, viz., 2, 3 or an inde-
terminate number of picture points in one scan direction before automatically
_reversing direction. éxamples of practical applications of-these optiéns are:
(i) alternate measuremeﬂts on each wing of HB, or (ii) with the 3-point
mode, linear polarization across the line profile, i.e. continuum (red), iine
centre, continuum (blue). In the "indeterminate" mode the scan will be in-
‘itiated followiné every print just as before, but no direction changé will

occur. This mode enables an automated digitized spectral scan of the EB line

to be effected. Several profiles derived in this way will be shown later.



PLATE 1. The HP-spectropolarimeter attached to the 91 cm
(36-inch) Yapp reflector at the Royal Greenwich Observatory,
Herstmonceux. Both the half-wave plate stepping motor (upper
face) and the micrometer (tilt) drive motor (side face) can
be seen. Each photomultiplier casing is surrounded by a dry
ice container.

PLATE 2. Electronic control system. From left-to-right are
the pulse counting display and control cabinet, the digital
printer and the Hewlett-Packard 9810 programmable calculator
used in reducing the data. Power supplies for the preampli-
fiers and photomultiplier tubes are on the floor.
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The electronic control system and pulse counting scalers form a single
uhit which, together with the digital printer, the EHT power supply for the
photomultlpliers and t@e spectropolarimeter itself, comprisee a compact and
-complete system. Plates j and 2 show the spectropolarimeter attached to the
.91 cm telescope at Herstmonceux, and the electronic control system, respec-
tively. If regular wavelength calibration is required then the laboratory

' laﬁps and their power supplies are additional.

The entire system has twice been transported by car from Glasgow to
ond back
Herstmonceux, Sussex,[and in each case the equipment was checked, reassembe

led and operational on the telescopes at either observatory in less than

3 hours.

v

In conclusion it may be remarked that a rough estimate of the overall
cost of the polarimetric ;&etem Just described including filters and machine-
shop time is about £250bi- £3000. The comparatively low cost has been
achieved because of the novel methods adopted, the use of some inexpensive
optical and electronic components and because all of the special electronic
control system was designed and constructed by the writer over a 6-month

~

period.

3.6 Preliminary Tests and Astronomical Results

[

One of the first tests to be carried out on any new polarimeter is a
check on its performance in analysing light which is completely (i.e. 100 per
cent) polarized. The polarimeter was set up in.the laboratory and light from
a laboratory source, polarized by an HN22 Polaroid piece with its polarizing
axis already marked by the manufacturer, was focussed onto the polarimeter
diaphragm. The HN22 polarizer could be set to a variety ‘of angles, relative'
<te the x-axis, in 7?5 steps. With the principal half-wave plate of the pola-

" rimeter Temoved, the HN22 polarizer was adjusted uqtil it was accurately

@
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 crossed with Beam 1 of the double-beam polarizer. The half-wave plate was
replaced and rotated until the minimum signal was again obtained, ‘indicating
that the retarder's axes were parallel to Fpose of the polarizer. In this

" position the stepping motor shaft and the phase plate drive shaft were clam-
ped together. With 25 % interference filters set at tilts corresponding to
HB in each beam of the instrument, light coming from a hydrogen lamp and
polarized by HN22 Polaroid, was focussed onto the polarimeter diaphragm.

The automatic system already described was then employed to measure the
Stokes parameters for various knan'directions,of vibration of the input
light. In all cases, the measured degree of polarization, p, fell in the
range 99 per cent to 100 per cent and the measured azimuth of vibration was
| within + 095 of the expected value. This method of aligning the half-wave
plate along the x-axis of:the double-beam polarizer is accurate to about

+ 0?25. However, when the orientation of the phase plate was checked by
eye, it was found possible t6 utilise lines marked on the face of tﬁé prlate~
holder and parallel to the edges of the phase plate, as a means of establi-
shing the required angular setting to within about + 1°.' Alignment of this
acéuracy is quite acceptable for linear polarization studies, especially

for differential measurements.

To enable the optical tests to be completed the polarimeter was atyéched
to the 51 cm (20-inch) telescope at-Glasgow. With the photomultiplier tubes
removed, but with 25 't filters in the beams, sunlight (through a ha;y sky)
was focusse@ onto a small diaphragm. Using dummy photomultiplier housings,
open at one end, the positions of the Fabry lenses were adjusted until a
‘sharp image of the telebcope collecting aperture was obtained on a thin '
paper screen at the position of the photocathode in each beam. Small adjust-

ments to the optical alignment were carried out by observing back-reflectione,
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onto the diaphragm, from the various optical surfaces. Movement of the
image of the telescope aperture on the photocathode was investigated by set-
ting up a travelling m;proscope at the position corresponding to the detec-
- ting surface so as to view this image while rotating the half-wave plate.
After very slight.adjustment to the retarder's mounting, no movement of

this image was observed to the limiting accuracy (about 20 p ) of the

microscope.

To obtain polarization positipn angles in the equatorial co-ordinate
system requires a-knowledge of the orientation qf the x-axis of the polari-
meter in this feferénce frame. To determine this angle a line parallel to
tﬁe polarizing axis.of Beam 1 was transferre§ to the ouéside of the polari-
meter casing and the telescope, with instrument attached, set in the meri-
dian looking §qg@h. When'the telescope is rotated about its declination
axis until horizontﬁi; thé4required angle is 90° plus the angle between the
transferred line gnd the'horizoptal. ‘This angle is easily read off using a
protractor with a horizontal spirit-level. On the endw twg other telescopes
with which the polarimete; has so far been used a slightly differeqt tech=
nique was employed. In'each case the telescopes were accurately pointed
towards the zenith and the x-axis aligned directly in the equatorial sysfem
by'turning the polarimeter about the optic axis using the telescope base i

rotator and corresponding angular scale.

Having obtained a satisfactory performance at 100 per cent polarization
the polarimeter was then tested on a bright stellar source known fo have low
"linear polarization, viz., « Lyr (AOV, m, = 0.03). Por this star, Behr
(1959b) reports p = 0.025 per cent and Serkowski and Chojnacki (1969) give
p = 0.024 per cent. The latter workers considered this ;alue (with similar

’values for other stars) as typifying their instrumental polarization. With
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The equatorial reference frame is shown correc-

ted for instrumental polarization by centering it on B UMa (p< 0.005 per

cent, Behr 1959b).

Notice the strong indication of a reduced polarization at A 4861 2

Key:

N OO

A/t

4835/25 (Beam 2)
4865/10 (Beam 1)

4861/3
4861/10

L

All measurements were taken in 1973 September and October.
in 7 Cas.
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the polarimetef attached to the 51 cm telescope at the Glasgow University
Oﬁservatory, lin;a:,polarization measurements were made on @ Lyr using a

10  filter set-at a wavelength of about 4865 R in Beam 1 and a 25 2 filter
set at 4835 R in Beam 2. Referring the setting of the half-wave plate to
the usual instrumental co-ordinate system, the observing sequence was as

follows:

(i) Locate star, test photometric signal with half-wave plate at Oo.
(i1) Select the integration time per channel (T) and number of cycles (C).
(iii) Off-set the star and record sky background and dark background.
gr

(iv) Re-centre star, select linear polarimetric mode.

When measureménts taken with the half-wave plate rotated through 180°
to a new but equivalent starting position were compared to those for a = Oo,.

the observed Stokes paramétérs were the same in each case, to within the

accuracy of the polarimetry, typically + 0.06 per cent.

A similar set of measurements was made for the star « Cyg (221a, m, =
1.26). Regarding the normalised Stokes parameters obtained from « Lyr as
- characterising @he instrument's response to zero polarizatioh. subtraction
of these values from thése measured fof a Cyg therefore corrects, to good
épproximation, for instrumental polarizatioq. The value of the instrumeqtal
polarization was p -1'§er cent and the derived degree of polarization and

azimuth of vibration for @ Cyg agreed well with the known values (see

Fig. 3.10).

Several poésible sources of the instfumental linear polarization are
immediately apparent. For example, telescope optics (primary 51 cm mirror
was due for re-aluminising), collimating len; (Frésnel reflection and re-
fraction from the low f-ratio lens which may be slightly tilted), multiple

reflections in tho half-wave plate, or indeed, a combination of these. To
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£est for polarization introduced by the collimating lens and telescope

" optics another half-wave plate with its reference axes at 45° was inserted
"into the collim#ted beam. Ideally, the action of this component should
yield U' = U, Q' = -Q, where primed quantities denote measurements with the
additional half-wave plate in the beam. In.fact; the U-parameter remained
almost.the same but the Q-parameter, although it changed sign as expected,
was much'larger numerically (more than doubled). There are at least two
possible explanations for tbis result; either placement of the second
phase plate at 45° in the optical Beam has disturbed the instruient's res=
ponse to zéro polarization or, if this effect is negligible, then not all
of the apparent polarization is caused by the fore-opticé.. Probably, the
most likely source of the instrumental polarization is a combination of °
effects associated with thg.collimating lens and photocathode sensitivity.

However, it was not considered worthwhile, at this stage, to pursue the

matter furthér.

Choice pf'the best values for the channel integration time, T, and.
the number of two channel cycles, C, merits discussion. It is known that
the power spectrum of scintillation contains frequengies from 1 Hz to 1 kHz
but most of the po&er is in the frequency range 1 Hz to 20 Hz. For fre-
quencies lower than 1 Hz. (periods longer than 1 second) scintillation begiﬁs
to mingle with transparency changes associated with mass motion of the air,
i;e. with phenomena such as drifting cloud or épproaching weather fronts.
Since two intensity measurements at the same atmospheric transmission are
required for each Stokes parameter, then values of T = 2, 3 or 4 seéonds
"will give ample smoothing to all scintillation components down to 1 Hz. It
is the components with periods comparable to T which introduce the most

noise. Provided the fractional uncertainty in this noise is less than
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photon noise fhen the atmospheric effects will be negligible. wﬁen photon
noise is small,.the chopping technique will smooth random variations in
signal strength_due to atmospheric effects, however, although repetitive
'measuremehts will improve the polarimetric precision by 1/v6;r n = number
of observations, the precision may not improve by exactly 1A¢ﬁ§, where N is
the total photon count. The number of cycles C is chosen such that:the
accumulated counts in the two channels -are high, say ~:105, but the inte-
gration time per Stokes parameter measurement, 2CT, is short enough to

- permit both p_ = Q/I and p =U/I o be evaluated in less than 1 minute.

" Successive determlnatlons can then be averaged and studied statlstically.
Although in the presence of cirrus cloud and haze, changes in atmospherlc
transparency will certaxnly occur durxng time intervals of 30 seconds or
more, these effects are strongly smoothed out because a pair of correspond—

3) and the sequence

ing intensities are accumulated every 6 seconds (if T
cycled 5 times. If P is thé total number of ggirg of printouts (each pair
yields the parameters o and py and hence p.and 0), then the total obser-'
vation time is 4 PCT seconds. Since, for small p, the counts in each channel
are ~ n*CT where n* is the average count rate, then the mean error in the

average of P values of P, Py OT Py according to Poissonian statistics, is

- [20;92 §(1/ni*)]% - v(‘?’*:CTP)J[

i=1

where the reduced form applies if n* is constant from print to print; In

:Fig. 3.11 the standard error of the mean, calculated from the data, together
with ¢ (using the measured countst1i + Ngi = 2n*iCT) is plotted against P
for the normalised Stokes parameter p = /I, measured for « Lyr. Other use~

ful ways of dlsplaying the polar;metric data statistically are also ghown

"and discussed below.
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Fig. 3.11 Methods of representing the statistics of the measured Stokesr
parameters.,
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Using the photometric mode and bréaking up CT = 4s into (i) C = 1,

T = 4s; (ii) c =2, P =2s; (iii) ¢ =4, T = 1s, about 20 prints in each
mode were obtained for & Lyr. This-data was reduced as if it represented a-
' Stokes parameter. Such a test indicates the instrument's ability to smooth
. out random gnd systematic changes in signal level during the intégrations.
The samples illustrate that, under poor observing conditions (industrial
_haze, cirrus cloud) the.apparent Stokes paraméters are distributed about a
mean value, which itself is reasonably close to zero when compared to the
accuracy of a single observétion assuming Poisson counting.statistics. IA
‘pr;ctice, T =2s or T = 33 are most used, however, a channel time of T = 58,
with C = 6, was successfully employéd for the fainter (secénd magnituae)

object, & UMa, when observed through haze and thin cirrus.

Fig. 3.10 displays the normalised Stokes parameters (in per cent) in
the instrumental reference frame and uncorrected for instrumental polariza-
tion, in a prelipin;ry narrow band survey (2.5 X, 10 &, 25 & passbands) of
various biight stars. To obtain_thé poiét %p fbe px--py plane correspond?ng
to unpolarized light the star § UMa was used as a standard. Arcs centred on
this star and with radii equalnto the degree of polarization, as obtained by
other workers, aie shown for « éyg and a.Per, and the equatorial position

angles have also been ;gsérted.

Listed in Table 3.2 is the apparent degree of eircular polarization, q,
pncorrected for instrumental effects, across HB in three peculiar,‘second'
magnitude stars. The polarimetric preéision ié typically + 0.1 ﬁer cent (or
+ 10 if q is expressed in ﬁnits of 104). Positive (right-hand) circular
polarization corresponds to a counter—clocinse rotation of the electric

‘e

vector maximum with increasing time.

To investigate the instrument's response to circularly polarized light,
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OBJECT m, (SP)  DATE  a/e (%) Iﬁﬁ%ﬂgﬁ 10%

@ And 2°2B9p . 1973 Oct 11 4835/25 ‘55 +524+3
- 4867/10 26 +50 + 7

. 4855/10 28 + 44 + 8

1973 Oct 17 4835/25 38 +5044

 4866/3 19 +55 % 14]

4856/3 19 + 71 + 13

e UMa 1.78 AOV pv 1973 Oct 17  4835/25 ' 19 +59 +8
4866/3 19 + 31+ 17
| 4856/3 19 + 44 + 14

'Y UMa  2+54 AOV. (n, v) "71973 0ct 10 4835/25 24 + 48 + 7
N 4866/10 5 + 70 +£.19

4856/10 24 | +29+9

TABLE 3.2. Apparent circular polarization (uncorrected for instrumental
effects) on the wings of HP in 3 stars. 4An obsex.'ver of positive (right-
ha.fxded) circular ﬁolgriza.tion sees a counterclockwise rotation of the
electric vector (Gehrels (1974)). According ;o the definition of Clarke
ana Gra.inge'r (1971) this pola.i'ization corresponds to arleft-hand helix

in space.
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; pair of right-angled glass prisms were oriented to give two successive,
co-planar, intefnal reflections of a collimated beam of light, completely

- linearly polarized at + 45° to the x-axis of the bolarimeter. Thé plane of
incidence and reflection was parallel to the y-axis. ' Resolving the incident
beam into components polarized pargllel and perpendicular to the plane of
incidence, it can be shown that (see é.g.,‘Claiké and Créinger, 1971), after
fwo internal reflections, the perpendicﬁlar component suffers a retardation
of nearly 270°. Thus; the emergent light is almost fully circularly pola-
rized, with the electric veétor maximum rotating clockwise.with increasing
time (left-handed circular polariiation). In the “snapshot" picture of the
wave components, this handedness corresponds to a right-haﬁded helix in

space. The instrumental circular polarization was about + 0.50 per cent.

A summary of the achigvements of the study ﬁp until 1973 October is
vgiven below.
(a) & new filter-tilting HB scanning spectropolarimeter was designed, de-
veloped and tested in two stages:
| (i) Basic. Continuous HB tilt-scans (D.C. amplifier and chart-
recorder) obtained at each of three fixed orientations of a half-
wave plate (Fessenkov méthod). Later developed'to a single
. chénnel pulse. counting system. No automation. .
(i1) Twin. Past polarimetry at fixed wavelengths (tilts) with a new
pulse tounting and almost completely automatic 91§ctronic control
system.
The Stokes parameter method is eﬁployed to obtain polarimetric
data; only two counting chanﬁels per beam are required since the
measurements related to Q and U are made sequeﬁ%ially and the

counts printed out. . o | L

P
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(v) Some simple laboratory tests on the polarimeter and scanning monochro-

mator were carried out.

(c) HPB polarimetry of various stars was obtained, though under relatively

poor observing conditions, with passbands of 2.5 X; 10 R and 25 X.

Advantages of the Method:

(a) The polarimeter is a twin device, i.e. two passbands are monitored
independently.

(b) Clarke's method for averaging out scintillation and transparency can be
successfully empioyed,ienabling the data to be recorded with a precision
essentially limited by photon shot noise. This enables a simple and compact

pulse counting, data~logging system to be utilised.

(c) Scans of the HP line profile are obtained and calibration of the wave-
length/micrometer scale, on the telescope; is easily achieved by piping H and

Zn light to the polarimeter diaphragm by fibre-optic tube.
() Linear or circular polarization can be measured, i.e. each of the Stokes

parameters Pyr P and q can be determined.

Y

From 1973 November, the polarimeter was applied to astronomicil obser-
vations on all possible occasions without further major interruptions for.
instrument development. The presentation of these various applications of

the HP-spectropolarimeter and a discussion of the potential for future

studies in astronomical narrow band polarimetry are the subject of Part II

‘ of this thesis.



PART 1II

(Applications)
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4. ASTRONOMICAL APPLICATIONS

4.1 Some General Polarization Measurements

This section deals with those observations which were used to investi-
gate the reliabiiity of the polarimeter and to investigate the instrumental
polarization. The polarimetric precision attainable under different observ-

ing conditions is also discussed.

in the six month period, 1973 Nov to 1974 April, the polarimeter was
used with the following telescopes: 51 pmv(Glésgow) regular use, 91 cm
| (Herstmonceﬁx) two short runs, (1973 Nov 2 = Nov 15 and 1974 March 19 - 28)
andnthe 250 cm Isaac Newton Telescope (Herstmonceux) froﬁ'1974 April 1 - 4.
. Cnly 18 "clear"‘nights‘were available during this period, the interval
'1974 Jan/Feb being particularly barren of good weather. Less than 6 hours
 6bservation time wés secu;;d.with moderate ?hotometric skies, the bulk of
 the polarimetry being obtained under poor conditions, for example, low-lying
haze and fog, thiék cirrué and industrial smog! Nevertheless, although the ‘
Quantityvof results is considérably less than desirable for a survey, the
polarimetric precision typically achieved is about + 0.02 per cent to + 0.03
per cent and the indications are that, undér any reasonable sky conditions,
 resu1ts are photon limited. Further, a precision'of + 0.01 per cent in apy'
Stokes parameter is within tbe capabilities of this prqtotype instrument;
given sufficient integration times. Since, in the applications of narrow
~ band poiarimetry discussed in this thesis, the emphasis is on differential
linear or circular polarimetry across HB, é finite instrumental polarization

' appears as a constant offset or bias and is only a minor handicap.

Before describing particular applications, some gengral results are pre-

| sented and discussed, particularly in the context of instrumental polariza-

v tion.
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As before, the basic observational procedure is:

~ (a) ZLocate star - test signal: Wavelength scan. of HB (optional).

(b) Select the wavelength position, the channel integration time T and the
number of cycles C, offset star and record "dark + sky background".
(N.B. If the V/I parameter is required the backgroﬁnd must be taken
with the quarter-wave plate at 45° inserted).

(¢) Re-centre star and commence polarimetry.

(d) Change to new waveiength'and/or repeat "dark + sky background" as re=-

quired.

.

For the observations recorded at Glasgow and for one run on the 91 cm

- telescope at Herstmonceux, Sussex, the counts accumulatéd and printed out
were immediately transferred, at thé telescopey to an electronic calculator.
This machine was programmed to evaluate each individual Stokes parameter, in
each beam, their running ﬁéans and the running values of the standard error
of the mean (o) and othef usefﬁl quantities, such as the approximate theore-
_tical estimate of precision, e. TUsually, measurements weré éontinued ét.a

given wavelength until the value of o was acceptabdble.

From 1973 Nov 1 until Dec 30 the secohd beam of the polarimeter con-.
ﬁained an interference filter with a normal incidence wavelength of about
4860 2 and a passband of 25 %. This filter was tilted to pass a wavelenéth
of approximately 4835 + 3 R and remained fixed at that settihg for all
measurements taken over that two month period. .The filters used in Beam 1
vere either of the following: A/6A = 4872/2.5 & or a/ax = 4869/ 10 {.
Later, another filter was obtained with A/Ax.a 4875/ 11 %. Because of the
, micrometer and lever arm arrangement the filters used in Beam 1 could be
reset very acdurately to the same tilt (typically, to ab;ut + 0.1 R) thus

ensuring identical image positions of the telescope collecting apefture on
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Fig. 4.1 Linear-polarization measurements (Beam 2.on1y) of relatively‘
o unpolarized starlight on different dates and telescopes.

STAR  DATE . . TELESCOPE =~  PASSBAND

1 o Aur 1973 Nov 6 " 91 em 4837/25 R
2 B Cas ‘ ) "o _ " S

-3 B Cas +1973 Nov 2 , " ' 1
4 « pur 1973 No# 26 5ﬁ cm : "
5 @ CMi , 1974 Mar 20 91 cm - 4861/10 %
6' B UMa 1974 Mar 21 " "
7 B UMa 1973 Oct 11 51 cm 4837/25 %

s
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the photocathode. Also, each orientation of the filter was considered as
- defining a separate instruﬁental polarization, to be calibrated against
standard unpolarized stellar sources. For this purpose the following groupv

" of relatively bright stars proved useful:

Star p_(per cent)

B Cas 009 + .009) Serkowski (1973)

@ CMi .005 + .009$ |

o Aur .028'+ .014) Serkowski and Chojnacki (1969)
a Lyr .024 + .014£

B UMa .005 + .020 } Behr (19/59b)

Of these stars,»B Caé and & Aur were preferred because of their near=

ness to the stars which were selected for special study, for example, Y Cas.

A very brief measurémenF of the star ¢ Cas (mv = 5.0), which has a
large interstellar polariz;tion, was performed as a check on the accuracy
of the position ahgles in the equatorial co-ordinate frame. The average
polarization‘derived by combining the results of both beams was p ‘= (3.9 +
0.4) per cenﬁ, 6 = 950 + 3°. These values compare quite‘well with those of
‘Serkowski (1973) iiz., p = 3.3 per cent, 0 = 94°, and those of Behr (1959b)

viz., 3.5 per cent, O =-94°. Therefore derived azimuths are certainly

within + 3° of the true azimuths in-the equatorial system.

Slight differences in instrumental polarization were apparent between

| - the 51 cm and 91 cm runs and for the same 91 cm felescope when used almost

6 months later, the condition of its primary mirror having deteriorated

between the two observing sessions. However, these effects (see Fig. 4.1)

are dominated by a telescope independent polarization intrinsic to the pola-
. 'S

_ rimeter with p =@ 0.8 per cent and q =~ 0.5 per cent. Figure 4.1 displays the
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Normalised Stokes parameters across HB in B Cas (0) and « Aur (o),
demonstrating instrumental polarization and its dependence on the
tilt-angle of the filter in Beam 1. The HP scans were obtained by
tilt-scanning an interference filter of 10 X passband and normal
incidence wavelength of 4869 2. Measurements with a 25 A filter
(Beam 2 only), just off the line, are also shown. c
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apﬁarent polarization of B Cas, a Aur, « C(Mi and B UMa obtained with the

25 2 passband of Beam 2, while in Figure 4.2 a graphical illustration of the
apparent Stokes Vector { I,Q, T, V} , in normalised form, is shown for B Cas
and @ Aur. The HB line profiles were obtained ﬁy tilt-scanning the 10 2
filter (Ao = 4869 X) and the normalised Stokes parameters were measured at
discrete wavelengths. Clearly, only on the ilue wing (largest tilts) is
fhere any indication of a change in polarization with tilt and this effect

is reduced by”averaging the measurements for o Aur and f§ Cas.

In Figure 4.3 are reprodﬁqed, in a éection of the px--py plane, linear.
polarization measurementg made across HB for several stars. The Stokes °
parameters are normalised and expressed as percentages.' All measurements
unless otherwise stated.were obtained with the polarimeter attached to the
91 cm telescope aﬁ Herstmonceux. The polarimetric precision is'typicall§
+ 0.03 per cent and agreeﬁen?, both in p and ©, with the results of other
workers is excellent. A discussion of the interesting reduction in pola-
rization at the line centre of the Be-shell star Y Cas is given in Section
4.3. Notice that no such effect is evident for « Cyg and that the polari-

- zation differences across HP are much greater than those expected to arise
by tilting the filter. In any case, the Stokes parameters obtained from
B Cas and « Aur, at each tilt, serve to eliminate systematic érrors due fb :

_this source.

Frequency distributions of the individual measured Stokes‘parameters
are shown in Figure 4.4. The abscissa is thé difference of any value from the
mean (residual) and a convenient interval for this scale is 20, where o is
the standard error of the mean. The number of measurements falling within
-these intervals, expressed as a fraction of the total number, is plotted as

ordinate. When the observed standard deviation of a single observation
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(oi = d./n) is marked on the histogram, together with the equivalent Gaus-
shan function, it is evident that the distributions follow the Normal Law of

. errors, despite the statistically small number of data points.

For ¥ Cas the histogram of Py (= Q/I) seems to show ‘structure, and
although the likely cause of this is a lack of observations; it could also
be the result of rapid and real time vgriations in the polarization of this
star. Since a large number of observafions are required to make frequency.
" distributions statistically-meaningful. time resolution of the polarimetry
is degraded. However, the departuré of the measured values from a good |
Gaussian fit may eventually'prove_to be a very useful method for detection
of such variability. For example, if a more or less sudden change in the
mean value of a.Stokes'parameter occurs during a long series of measurements,
this would be likeiy to aﬁﬁéar as a double-peaked distribution, whereas a
slower variation would pgéduqe a broadened histogram. These ideas are ,

applied again later in analysing the linear polarization of emission
line stars.

Finally, it is encouraging to note that if oj, is the expected error,
based on Gaussian error combination of the‘idea;ised mean error, e==(2/n*t)%,
for each individual measurement taken in time t, and which presumably des-
cribes photon limited ﬁélarimetry, then the ?atio T = °7°b is nearly always
less than 1,5 and typically less than 1.3, even for the brightest objécts
studied. For example, for « Aur (mv =0.1) r =1.29 and it must be remem-
bered that the obgerving'conditions were non-photometric, hence a consider-
able contribution to the noise on the signal from « Aur is likely from scin-
tillation and transparency effects. The largest value_of r obtained was 2.0..
and this was for a second magnitude star observed with the 2.5 m Isaac Newton

Telescope. Therefore it appears that precisions of" + 0.02 per cent are ob-

W e s, et s
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tainable in integration times which are always consistent with photon shot
noise, to within'a factor 2 at.worst, even when photon noise is not the domi-
nant source of error. Observations of the blue sky, emission line stars and

magnetic stars are now reported.

4.2 Polarization Measurements across the HP Line in Blue Sky: The Grainger-

Ring Effect.

Introduction

It has already been pointed out that the astronomical applications of
narrow band spectropolarimetry are not confined to the measurement of effects
connected with intrinsic steilar polarization. One such‘alternative study to

which the HP-spectropolarimeter has been appliea is the investigation of
'polarization effects within the HP line profile in'the spectrum of the ter-

o ..
5

restrial blue sky light.'

For a long.time it seems to have béen widely believed that the spectrum
of the day sky is identical with that of the solar flux, apart from a few
felativelj faint dayglow emissions from the.uppe; afmosphere. In fact,'when
‘the profiles of Fraunhofer lines in the spectrum of blue sky light are com-
pared with line profiles from direct sunlight, the former are found to be
less deep. This intensity "filling-in" effect was first reported by Gralnger
and Ring (1962&) who ogéerved it in the H.line of Ca(II) and later in Hp

and the sodium D lines (see Grainger 1962).

Noxon and Goody (1965) confirmed the existence of the filling-in effect
in blue sky spectra and disébvered that there are polarization ch&nges across
the line profiles. Their experimeﬁtal method consisted of altern;tely view=
" " ing the sky through two optical channels, each containing suitably oriented '

polarizers, adjusted to equalise the output.signals (Noxon 1968). Having

obtained a balance at a certain fixed wavelength the spectrometer is allowed
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| to scan the line profile. Changes in the sky polariiation Qith time and
wavelength are negligible for shqrt scans of 1imited range. Sinée the degree
of polarization at a given wavelength in sky light is independent of the
absolute incident intensity (according to single Rayleigh scattering

p = (1= cosz®)/(1 + cos2®) where ® = scattering angle), then the
balance was not expected to.be influenced by Fraunhofer lines. For the
séanned lines, obvious departures of the polarization of the blue sky light
&ere apparent across the profile, in the sense of reduced polarization.
This they attributed to an unpolarized continuum component superimposed on
the polarized scattered sunlight. Using the results of two scans carried
out for mutually perpendicular orientations of the polafizér in one of the

opticalvchannels, Noxon and Goody state that it was proven that the "excess

component must be polarized less than 2 per cent.”

vMorevrecently, Pavlo&, ?eifel and Golovachev (1973) have repbrted photo=
metric and polarimetric observations of the filling-in (Grainger-Ring) effect
in the H, K, L and N Fraunhofer lines. They report that the "degree of.pola-‘
rization is always 2 = 6 per cent lower " at the line centre of the H and X
A , .
~lines than in the continuous spectrum while, for the L and N lines, the de=-

polarization effect is considerably less and occasionally zero. The intensity

filling~in is much stroﬁger to shorter wavelengths.

Unfortunately the terminology employed in discussing the polarimetric
méasurements in the two cited works is a little-confusing. It is difficult
~ to reconcile the two statements in inverted commas, viz., the "excess com-
ponent must be polarized less than 2 per cent" and the "degree of polariza-
tion is always 2 = 6 per cent lower" at the line centre. No mention is made.

14

of the direction of vibration or of the polarimetric precision.

~ Linear bolarization measurements at discrete wavelength positions across
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- An HB line profile in blue sky light obtained by tilt-scanning a

2.5 A interference filter. Polarimetric measurements (see Figs.
4.6 and 4.7) were performed at three discrete wavelengths, viz.,

4872 8 (X), 4861 £ (0) and 4837 % (a).
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the Ef line in blue sky obtained'with the high throughput narrow band spec-
tropolarimetefAhave already been presented in a preliminary note (Clarke and

McLean 1974c) and are now described in more detail below.

OBSERVATIONS

| FPor the blue sky observations the filter of 2.5 X passband was used for
tilt-scanning the HPB liﬁe (4861 X) in the usual way, and a broader filter
(25 £ passband) was fixed in the other beam at about 4835 X to act as a ﬁola—
rization monitor. Three spectral points (4872 X, 4861 2 and 4837 X) were
chosen for measurement (see Fig. 4;5). An integration time of 6 seconds per
channel (T = 3, C = 2) was selected thus enabling the two linear Stokes fara-
meters (Q/I, U/I) to be measured in a total time of 24 séc;nds by the auto-
‘matic polarimeter. Several determinations (usually five) were récorded at
each of the three discrete;wavelengths in turn and the sequence repeated
many times. Each new wavélength setting was produced by rapidly turning the
imicrometer driving the tiit mechanism of the 2.5 R filter by hand. The wave-
‘length positions are therefore accurate fo about + 0.1 X,,neglecting the o
effects of temperature. From the results of the stellar observations des;- |
ribed in the previous section, any differential change in the instrumental
polarization caused by tilting the interference filter }s Ap £ 0.05 per cent.
Although the blge sky ?% an extended soﬁrqe a small, circular, focal plane
diaphragm subtending an angle of 10 arcsec was employed to minimise off-axis
effects in the polarimetry, and this is not much larger than the diameter of
a stellar seeing disc at Glasgow. In retrospect, it was probably possible to
double this diameter, especi;lly near twilight since, on the clearest day,

the polarimetric observations appeared to be photon limited. However, count

rates were quite high (~v105s-1) therefore the chosen diaphragm lessened any.

chance of counting losses.

R R T



101

Blue Sky Polarization, I97"3 Nov 26 Py (U/I) (NE-SW)
0}
©
~50 - p, (Q1)
x - 20=2335 © o (NORTH)
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4'r 1o scattering plane
w
O (sun)
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" Pig. 4.6 Polarization of the zenith blue sky (A/M = 4847/3 X) on 1973
Nov. 26 plotted in the pq = p2 plane of the equatorial co-ordinate
system. The slow increase of p with time results from the change
in scattering angle as the Sun moves across the sky. Assuming.

‘ the vibratians are perpendicular to the scattering plane, the
> equatorial position angle, ©, can be predicted if @5 is known.
For the zenith, L
. sin & - sin ¢ cos Zg
cos B, = and
s . .
cos @ sin zZ, :

L3

4,

cos Z, = sin b_ sin @ + cos b, cos g cos H,

where bs, Zg and Hg are the heclination, zenith distance and hour
angle of the Sun respectively, and @ is the latitude. Then )

o o
6 = 27Q - Os e

Excellent agreement was obtained by taking the equatgrial posi-'
tion angle of the x-axis ofothe polarimeter to be 91 , rather
than the expected value, 90~ .



102

Observations of the blue sky have been made with the polarimeter atta-
ched to both the 51 cm reflector at Glasgow and the 91 ecm Yapp reflector at
the Royal Greenwich Obsérvatory, Herstmonceux. The dimensions of the aper-
tﬁre stops employed were chosen to give 10 arcsec angular resolution. Part
of an excellent run on the zenith blue sky at Glasgow, taken on 1973 Nov 26,
is displayed in Fig. 4.6 aﬂd FPig. 4.7; the observing conditions were near
' perfect, with the sky clear and deep blue from mid-day welllinto twilight.
The run started at 13-15 UT and was terminated after sunset at 16-50 UT, by
which time the fate of decrease éf'the signal had become too rapid. During
the measurements, the degree of polarization of the zenith‘blug sky slowly
ihcreased, because of the change in scattering angle between the zenith and

the Sun, reaching a maximum value of p ~ 0.76 (i.e. 76 per -cent) at sunset.

Pigure 4.7 clearly shows that the degree of polarization is least for
the HB line centre. To g§a1qate the amount of depolarization and to inves-
tigate any time-dependence of the effect, the data was divided info.blocks.
vFor each wavelength, a straight line was fitted by a least squares solution
to all the points within a block and the ihtercept and its standard error |

caleulated; formulae are given in, for example, Barford (1967),

~ When plotting p against time, allowance was made for the interval, as-
~sumed constént, requiréd to tilt the filter to a ﬁew wavelength setting.
This may lead to a small error in the time scale which, for this run, could
not be easily corrected. Such an error can be eliminated in future measure-

ments by use of the electronically-controlled wavelength scanning mode, added

. in March 1974.

A similar fitting procedure was performed for the azimuth of vibration
(¢); the equatorial position angle is © = 90° + g, For example, for Block1

(see Fig. 4.7), the intercept values of p and @ at A 4837 2 and the line
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The degree of linear polarization p at three wavelengths across the HP line in blue sky

light plotted against universal time;

the designated block is part of a 3 hour observ-

ing-run on the zenith blue sky with an angular resolution of 10 arc sec at Glasgow on

1973 Nov 26.

An interval of 1 minute separates each change of wavelength setting,

corresponding to the time required to move the micrometer driving the tilting filter.
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centre, A 4861 3,'are respectively

p, = 0.6915 + 0.0007 , g, = 2129 + 075
p = 0.6782 + 0.0009 g = 22% + 0%6
i.e.  D/p, = 0.981 % 0.002 and §-g_ = 091 + 0%

Examination of the ratio p/p  and the difference in azimuths § - §_ for
,each of the blocks (Figs. 4.8(2) and (b)) revealed no systematic changes with
:t;me to within the uncertaint;es of the measurement. For the complete run,
" the average value of p/po was 0.984 + 0;001 and the average value of § - ¢°
was 091 + 0%2. |

If the added intensity compénent is unpolarized then, for points in the
sky where the polarizatioq_}s_lower; the difference beéween p and Py will aiso
" be lower. Hence, a depolaﬁization ratié, p/po, is more meaningful than a

polarization difference. -

Using the Yapp telescope, observations on 1973 Nov 11 were made of both
the zenith and the north celestial pole. The sky was not deep blue and'the

data (as evidenced by the monitor beam) showed small irregular vaéiations in
p, superimposed on the slower variation with scattering angle. For the séme
‘scattering angle the degree of polarization was lower than on 1973 Nov 26.

_ These effects are probably indicative of a higher and more variable concen=-

fration of atmospheric aerosols.

As before, no change in the depolarization with time could be detected
and no differences between the observed regions were revealed. However, there
may be marginal evidence for a difference between thé results of Nov 11 and
Nov 26; the average values of p/po fqr the former being‘b.988 + 0.002 for the
pole and 0.987 * 0.002 for the zenith, while § - ¢° was 0?1 + 092 for the two

directions.
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BLUE SKY (HS) 1973 Nov 26
1= p/p, (a)
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‘Fig. 4.8 (a) Plot of 1 = (p/po) against time, where p/po is the mean de-
polarization ratio between the indicated wavelengths for each of
11 blocks of data (see Fig. 4.7). -

(b) Corresponding variation in the azimuth difference ¢ - @,
with time. Error bars are not shown but those for Block 1 are

typical.
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Discussion

The Stokes Vector observed at a point in the real terrestrial atmos-

phere can be written iﬁ thé form;
W= {I'(A). p'(® A) I'(A), 0, q'(®, 1) I'(A)}

where |p'(®, A)lmax<1 and p'(®, o) can be negative, (i.e. the vibrations are
in the plane of scattering), and a small component of circuiar polarization

| is present. Neutral points occur above.and below the Sun (Babinet and
Brewster points) and above the antisolar direction (Arago point). .Typically,
a maximum of 75 per cent polafization is found at visible waveleng£hs on a
clear sky approximately 90° away from the Sun. Comparison of the Rayleigh-
Chandrasekhar theory (Chandrasekhar and Elbert 1951; see Coulson (1974) for
review) with observations explains tﬁe departure from a maximum polarization
| of 100 per cent as followsT“'Multiple scattering dilutes 6 per cent, mole~
cular anisotropy 6 per ce#t apd reflection by the'ground 5 per cent (this
figure can only be a rough approximation) while a residual 8 per cent is

presumed to be due to aerosols suspended in the atmosphéré even when the

sky is seen as hard blue.

A plausible explanation of the Graingéf—Rihg effect has been given by
Brinkmann (1968).. He has shown that, in air, part of the-filling-in of the
Fraunhofer lines in the blue sky can be accounted for by rotational Raman
scattering in N2 and 02, (i.e. an inela?tic scattering component). It is
perhaps worthwhile to note that such a qu;si-continuous component will also

. depolarize the continuum radiation. Seeking to explain the marked variability
of the Grainger-Ring effect and the dependence on solar zenith angle recorded
by Noxon and Goody, Hunten (1970) has demonstrated that apalogous Raman ef-

fects in ground reflected radiation can be expected to produce such changes.

It is well known that single Raman scattered light is partially linearly
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polarized (7 per cent maximum) and, in fact, to accord with the upper 1imi£
- of 2 per cent on the degree of polarization of the excéss component reported
by Noxon and Goody, Brinkmann propoéed that multiple scattering and ground
reflections would produce the necessary depolarization. Strictly speaking,
any model of the atmosphere constructed to include the Grainger-Ring effect
must incorporate Raman scattering in the transfer equation in the first .
instance. However, some physical insight into the usefulness (if any) of
polarimetric observations aqrbss Fraunhofer lines may be gained by the fo%-

loying heuristic approach.

‘Suppose the final Stokes Vector of the blue sky radiation, at a given
- point, is regarded as being composed of a "normal" component {r(A)Io,
p'r(A)Igs O, 0} and an excess component {pIoy %oIgs Bplgy O b oo If Inin

is the intensity of the blie sky at the Fraunhofer line centre before the

. - : T .
excess component is added, then the ratio R'y = Imm. = Rgy where Ry is the
S . o

ratio of the line centre to continuum intensity in direct sunlight. In the

real blue sky, I + pl

min

o~ -
= 0= # Ry,
Fg = I +er ©
from which it can be shown that (Grainger and Ring 1962b),

Ry-R
o L 1 -Ry

For BB, Grainger (1962) gives the average value o = 0.020 + 0.004 at a
site in the U.K. but also reports o = 0.05 for a high altitude location

(Chacaltaya). Thus, the composite beam has Stokes Vector

[(z(x) +0) 1,
@r(n) + %) 1|
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and hence the degree of polarization p and azimuth of vibration g (relqtive
'to‘the perpendicular to the,scattering plane) are given by,

E0) + )2 Gt + op)

\ 2 22
2 o= (@) +eo0)” + 80" tan 20 = Bo

At the Fraunhofer line centre, r(A) = Rg (corresponding to the values
ps # say) and in the blue sky continuum near the line, r(A) = 1, correspond-
ing to P, ¢°). _Confining attention to these two discrete wavelengths,

;nd considering first all cases for whicb B =0 then,
p(1+0) + do(/Ry- 1)
1 +,o/&3

;¢"¢o = 0 and

Clearly, o = 0 corresponds to an unpolarized excess component, =1 S_a < 0,
tb a component partially linearly polarized orthogonal to the normal Rayleigh
component, and 0 < a@ = +1‘ to a partially linearly polarized component in

~the parallel direction.

As expected, <0, leads to a reduction in the degree of polariza-
tion at the line centre (i.e. p < po); however, even if &« is positive a
depolarization can Stili résult.‘.In fact,;ignoring trivial solutions, the
condition p = po‘occurs for o = Py indépendent of oo In otﬁer words, an
‘excess component linearly polarized (witﬁ degree of polarization less than
po) éarallel to the Rayleigh component still produces a depolarization at
the centre of the Fraunhofer line. This igéult is a consequence of the
relative strengths of the polarized and uhpolarized infensity components
comprising the composite beam. Further, the observed depolarization,
‘p/po, can be produced, with no rotation of the azimuth of vibration, by
‘an infinite number of combinations of o and @, e.g. with Ry = 0.6{
p, = 0.60 éﬁfi p = 0.59, then suitable pairs are (0.028, +0.05), (0.025,

. 0.00) and (0.023, -0.05). To disentangle'thé polarization properties of

e o acad e

e e i A
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the excess component therefore requires very accurate polarimetry and a

knowledge of p.

When B # O, that is, the polarization of the excess component is neither
parallel nor orthogonal to the scattering plane, then ¢ - ¢° # 0. However,

since Bo and ao are small quantities (~5 x 10-4) then,

‘ (1"R®) ye
¢‘¢°3—-?I%—.;'-ﬁ
| (1-F) ,
' o %'.—EQ_-';'. P, sin 2¢e

where P and ¢e are the degree of polarization and azimuth of vibration of
the excess component, Inserting typical values, e.g. Rg= 0.60, p' = 0.60,

o =0.02, p, = 0.05 (5 per cent) and §, = 45°, gives

|¢,'-¢°| ~ 2' (i.e. 0903)
max

Assuming an unpolarized added component (& = B = 0) and usiné-the ob-
served value of p/po for 1973 Nov 26 with Re= 0.6 gives o = 0.025 + 0.002. -
However, relating the above discussion to-the’blue sky observations ;ndicates
that the polarimetiric precision, about i 0.1 per cent, achieved over short
‘runs such as Block 1, is insufficient to discriminate between an unpolarized
' excess component and one which is weakly partially linearly polarized in“an
arbitrary direction. Further, without a knowledge of o it is impossible to
decidé on the nature of the polaﬁization, even when it is definiteiy known

that there is no rotation of the azimuth of vibration across the Fraunhofer

line.

Although {hese findings are perhaps disappointing when such reasonable.
accuracy has been obtained, it must be remembered that much higher polarimet-

ric precisions are possible given sufficient integration time, compare

Ll
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"o~ + 0,01 per cent for stellar work. Increasing the angular extent of the
patch of blue sky observed, making measurements on the north celestial pole
rather than the zenith oxr, bdetter, tracking a point on the Sun's declination
are‘at the solar rate should help in impreving the polarimetry. Further,
‘measurements of Fraunhofer lines such as the H line of Ca II may be more
profitable since the filling-in is greater towards the vioclet. Measurements

from a high altitude location would also be worthwhile.

Since the Raman-scattering explanation of the Grainger-Ring effectlis
open to very few observational tests, it would probably be worthwhile to push
this method to the limits of detectability in order to distinguish polari-

metrically between Raman effects and, for example, unpolarized aerosol

fluorescence.,

...

4.3 Intrinsic Polarization of Be Stars: Discovery of a Reduced Polarization

at the HB Line Centre in Y Cas

Introduction '

Historically, O and B stars have been of interest in polarimeiry because
they are inherently bright enough for their light to probe the interstellar
medium to great distances, and are therefore useful in the etudy of inter-
stellar polarization. That certain of these stars may exhibit intrinsic .
polarization Wae first“ievealed after Behr (19é9b) reported the variability ‘
in white light of the linear polarization of ¥ Cas. This result, and simi-
lar reports of variability in X Oph (Sha.khovskoj 1962) and x2 ori (Vitric-

. zenko and Efimov 1965) however, met with comparatively little interest. In -
4a survey of the Wavelength dependence of polarization, Coyne and Gehrels |
.(1967) found several new ‘early-type objects'With variablg polarization, while

a new tool in identifying early-type stars with intrinsic polarizationvwae'

introduced By Serkowski (1968). He found that emissiom-line stars exhibit a
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,

peculiar wavelength dependence of polarization becoming abnormally low in
the ultraviolet. More recently, Coyne and Kruszewski (1969) and Coyne
(1971) using a series of broad band filters have observed the polarization-
wavelength curve in the region 3000 X to 1 um in a large number of Ee stars.
Dips in the. polarization at the wavelengths of the Balmer and Paschen limits
of hydrogen are attributed to electron-scattering in an asymmetric circum-
_stellar cloud modified by unpolarized radiation from hydrogeh recombination
and by hydrogen bound-free opacity within the cloud. A model of the Be star
Z Tau incorporating these features; together with a free-free emission com=
ponent required to explain the decrease in p in the infrared (out to 2.2 um),
has been published by Capps, Coyne and Dyck (1973). Serkdwski (19715 poin-
ted out that the only rapidly rotating early-type stars that show measurable

intrinsic polarization in: broad wavelength bands are those that have extended

atmospheres or ehvelopes; as evidenced by the presence of emission lines.

The available broad.band measurements s;ooth out the variation of pola-
rization with wavelength and some of the passbands include emission lines,
such as the Bélmer lines, known to be variable from spectroscopic evidence.
Thereféfe, it seémed reasonable to expeqt that moderate and high-resolution
‘spectropolarimetric observations 6f Be stars and similar objects (fast :ota;
| tors, eclipsing binaries.and late-type supergiant stars) would reveal pola—
rization effects within their line profiles (Clarke and Mclean 1974a, pro-

posal made to IAU Colloguium No. 23 (1972)).

In the next section, observations made with the twin HB-spectropolari-
meter of three Be-shell stars, viz., Y Cas,'% Tau and 48 Per, and of the blue
supergiant o Cyg, are reported. A reduced polarization has been discovered

at the centre of the HB emission feature in Y Cas (Clarke and McLean 1974Db)

" and a similar effect found in & Tau. This latter result confirms unpublished
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" measurements of lower spectral resolution made by Zellner and Serkowski
(1972), and is consistent with recent observations of a depolarization effect

at Ho in this star (Coyne 1974, personal communication).

Observations

Although several preliminary observations of Y Cas (mv = 2.8v, BOpe)
prior to 1973 Nov indicated that there.wés a fall in the degree of polariza-
tion at the HP liﬁe, the polarimetric precision was insufficient to estab-
lish the fact uneqﬁivocally; .To investigate' the suggested effect more
thoroughly, furéher observations ﬁere made, with longer integration times,
on the emission feature and on each wing. A filter of 10 { passband (A, =
4869 R)'wés used for scanning the HP line and a broader filter (25 ﬁ) was
tilted to pass a waveleng?? of ‘about 4835 ﬁ and remained fixed in Beam 2 to-
act as a monitor (as desc;i£ed in Section 4.1). The 10  filter was selec-
ted for this investigation to maximise the amount of light collected. It is -
clear from Fig. 4.9(a) that continuous tilting of the 10 X filter provides a
useful record of.the stellar line profile. Wavelength-tilt calibration was
achieved in the usual way by piping light from laboratory lamps to the pola=
rimeter diaphragm by fibre~optic tube. After_examination of the line profile,
‘the discrete wavelengths of 4847, 4863 and 4869 R were chosen for_the po;ari-
metric observations; ﬁﬁe longest wavelehgth coiresponds to the filter being

" at normal incidence in the collimated beam.

Observations of the linear polarization at these wavelengths were taken
..éver integration times typically of 30 minutes. The Stokes parameters were
‘determined about 40 timés during this interval and mean values obtained with
their standard errors. Comparison measurements made at precisely the same
wavelengths (i.e. tilts) on B Cas and a Aur enabied the instrumental poldri-

r

zation to be subtracted out. A mean error of d =+ 0,0003 (i.e. 0.03 per cent)
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in each Stokes parameter was typical for Y Cas and + 0.C2 per cent typical’
- for B Cas and « Aur but, of course, the integration times for a Aur were

shorter (about 15 minutes).

Measurements

Fig. 4;9(b) and‘(c) illustrates measurements taken with the polarimeter
attached to either the 91 cm telescope at Herstmonceux or the 51 cm telescope
.at Glasgow. Clearly, there is a marked dip in the degree of polarization, p,
across the emission feature. .For example, comparing values of p at AN 4847 2
and 4863 & for 1973 Nov 6, the difference was about 0.0026 (0.26 per cent)
while on 1973 Nov 26, it was much larger, 0.0042 (0.42 pef.cent). On other
’occasions the degree of polarization at A 4847 X is not the same as on the
two dates mentioned. The individual values of p on Nov 6 and Nov 26 were
obtained (afterigofrectiogufbr instrumental polarization) to a precision of
o=+ 0.0004 (i.e. + 0.04 per cent) for the line values and to ¢ = + 0,0002
for the values at A 4835 2. Not only is the depolarization effect stfongly

evident, it is clearly variable.

Since each sequential measurement within the line is accompanied by a

simultaneous measurement in the monitor beam, these latter values can there-
_fore reveal any time dependent broad band polarization changes which migbt
otherwise render interﬁietation of the HP line observations difficult. 1In
fact, on all six nights, the difference between anf two of the three mean
values of p, © oﬁtained.atA/AA = 4835/25:was less than the sum of the derived
standard errors of those means. This useful test is both stringent and
quickly applied. EHence, these values have been combined to obtain nightly
mean values which have been plotted in Fig. 4.9(b) and (c), (Label D). Light
from the line centre being passed by the wings of the 25 X filter'profile

’would result in a reduction of the degree of polarization at A 4835 % 1r

I o A g ity e e o e e

i

%




Table 4.1 HB Polarimetry of 48 Per and & Tau
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Star Date (1973) VXM p (%) . 6 (degrees)
" 48 Per Nov 4 4869/10 0.98 + 0.11 171 + 4
(mv = 4.03, " .4861/10 1.02 + 0.13 175 + 4
B3Vpe) -
" 4854/10 1.09 + 0.13 175 + 4
) " 4837/25 0.89 + 0.05 174 + 2
ZTaw  Nov 6 4869/10 1.34 + 0,07 ~ 31.4 + 1.5
(m, = 3.0, 4837/25 1,56 + 0,07 34.1 + 1.2
B2 IV pe) '
- " 4861/10 1.07 + 0.05 32,9 + 1.5
. 4837/25 1.49 £ 0.035 34,3 £ 0.8
" 4853/10° 1.31 + 0.05 33,2 + 1.1
4837/25 1.68 + 0.044  33.9 % 0.7
Mean = 4837/25 1.57 + 0.06 34.1 + 0.5
Nov 26 4869/10 - 1.20 + 0,06 32.4 + 1.4
' 4837/25 1.43 £ 0.05  33.4 + 0.9
. 4861/10 0.91 + 0.06 32,7 + 1."9
4837/25 1.48 + 0.04  34.2 + 0.7
" 4848/10 1.54 + 0.05 32.5 + 0.9
4837/25 1.48 + 0.04 34.6 + 0.7
+ 0.02 34.1 + 0.5

Mean 4837/25

1.46
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this wasvthe case, then the oﬁserved night to night variations at that wave=-
length'should Ye closely correlated with those at A 4861 R. Hoyever, inspec-
tion of, for example, the data for Nov 6 and Nov 26 shows that the polariza-
tion at the line centre is markedly different while no correspondipg differ-
ences occur at the other wavelengths. TFor a Gaussian filter profile centred
on A 4835 %, the transmission factor is only 5 per cent at A 4861.3; this
factor is more than doubled for an Airy function. Therefore, variability on
the line wings, rather than at the line ceﬁtre, should most affect the moni-
tor beam measurements. From the diééram it can be seen that the degree of
polarization at the line centre was almést the same on the dates Dec 14,

Dec 30 and qnly slightly different at A 4835 %. In contrast to these values,
the degree of polarization at A 4847 X is quite different for the two nights
'by an amount greater thanathree times the standard ;rror in the mean separa-
tion. Further, the overall impression gained from the diagram of Fig. 4.9

is that there is a shift in fhé absolute value of the degree of polgrization
méasured on different nights while the general shape of the depolarization
effect remains ﬁnchanged. These arguments lead to tbe important conclusion

that more than one effect may be responsiBle for the observed polarization

structure and variability across HP in Y Cas. . -

A similar series of measurements was performed on two other‘well kndﬁn
emission-line shell stafs, viz.y & Tau (qv = 3,0, BZIV}@) and 48 Per (mv =
4.03, B3Vpe). The results are displayéd in Table 4.1. Reproduced in Fig.
4;10(a)‘is 2 10 £ tilt-scan of the shallow HP line profile of & Tau. Some
evidence is apparent at this resolution for the complex emission and shell-

absorption structure well known to be preseﬁt at HB in this star.

’

For 48 Per, no effect was apparent to within the precision of the meas-

urements obtained which are poorer than for Y Cas because the star is fainter.
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“time at A/AL = 4837/25 X on 1973 Nov 6. (c) Histogram showing
- the relative frequency of the residuals for all the data of (v)e
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: ﬁuch longer integration times or use of ; larger collector will be required

to further investigate this star. However, the reduced polarization at HPB

'»is clearly evident in Z Tau on 1973 Nov 6 and again on Nov 26 although on

 the earlier date,'the monitor beam give§ diverse results for three sequential
runs. Detection of such time variability during line profile measurements is s
.precisely why the monitor beam is used. However, before any conclusions can

be drawn regarding the intrinsic nature of the effect, possible instrumental

sources must be considered.

It has already been showh in Sectioﬂ 4.1 that altering th; tilt of the
interference filter used for scanning the line profile re#ults in a small
change in the instrumental polarization which only becoﬁes important at large
angles of tilt. Tor that reason measurements are made on comparison stars at
each tilt to ensure complete elimination of any systematic error from this
source. The filter in the monitor beam re@ains at a fixed tilt and therefore
| does not suffer from thié effect. Further, care is taken to tilt both fil-
ters in such a direction that reflected'light from one beam cannot pass di=-

- rectly into the ‘other beam. Light reflected back into the polarizing prism
from either filter should not be capable of entering the other beam, at least
"'to a first approximation, since the two ?omponents ;re orthogonally polarized..
' Finally, a similar discrepancy between consecutive measurements at AN =
4835/25 % was not observed for any of the stars « Aur, B Cas, 7Y Cas.and 48 Per

6bserved on the same night and for the séme star, & Tau, on a different night.

A histograﬁ of all the values of thé larger of the two linear Stokes

~ parameters, po=U/I=0p sin 20, obtained at A/AA = 4835/25 R on Nov 6 is
reproduced in Fig. 4.10(c) while a plot of almost consecutive S-minute aver-
ages of pp, is given in Fig. 4.10(b). Although the preé&sion is reduced by

averaging over such short time intervals, the change iéﬂétill apparent and it -
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is clear that it occurred most strongly near the time when the 10 % filter
was tilted, yet there is no evidence to support an association of the two.
In the histogram; the decrease in P, appears as a skew, distribution with a

preponderance of negative residuals.

These measurements amply demonstrate the importance and 'the advantages
of a monitor beam and a line profile scanning device in the polarimetric

study of variable stars.

Discussion

Since the emission at Hf is iocaliéed to the stellar neighbourhood,
then the observation of a reduction in polarization indicates difectly that
a‘substantial part of the polarization is intrinsic to the star. The stron-
éest polarization variabi};ﬁy is associated with the emission feajure which
| is itself variable. |
As far as can be seen from the reported observations, there is no evi=-
' dence ror‘any rotation o: the azimuth of vidbration ;cross the HP feature of
either ¥ Cas or % Tau (see Fig. 4.9(c); Table 4.1). If this is in fact the
case, then the‘depolarization effect can only be produced by the sﬁgerposition
" of an orthogonally polarized component, or by the superposition of an unpola-
" rized component,; or by4§ combination of ﬁoth. The simplest mechanism to ‘con=-
-sider is the addition of an unpolarized émission component of intensity xI
. where I is the original total intensity‘at the centre of the underlying
absorption line. If P, refers to the degree of polarization in the nearby
continuum and p, to that at the wavelength of the line, then p1/po =1/(1+x).
Depolarization ratios for the Y Cas meaéﬁrements of Fig. 4.9 are displayed in

Ta.ble 402. . : . ,

In order to produce an'effective depolarization ratio of 0.80 (for



Table 4.2 Polarization Ratios across HPf in Y Cas

JULIAN DATE| p (%) p(A4847) p(14861) p(A4861)

(244,0000+)  (14835) p(24835) *| - p(x4835) | p(x484T)
71990.40 {1.07 + 0.04 | 0.99 + 0.05 | 0.81 # 0.04 | 0.82 + 0.06
1992.50 [1.04 + 0.05 | '0.97 + 0.05 | 0.71 " | 0.73
1993.38 [0.92 + 0.02 | 1.09 + 0.03 | 0.80 " . | 0.74 + 0.05
2013.26 [0.93 + 0.02 | 1.02 + 0.03 | 0.57 * | 0.56
2030.50 |1.07 + 0.02 | 1.04 % 0.03 | 0.74 Lo + 0.06
2047.50 |1.01 + 0.05 | 0.89 + 0,05 | 0.66 ™. | 0.74 + 0.06

Linear Polarization Measurements across Hf in « Cyg (22Ia)
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‘Table 4.3
JULIAN DATE A/ P : 6 Integ. Time
(244,0000 +) (%) per cent (deg) | (Min)
2030.25 4861/10 0.377 + 0.025. 35 + 2 30
4847/10 0.367 + 0.025 35 + 2 30
4835/25 - 0.400 + 0.019 38 + 1.5 60




a21

éxample, p (4861) / p(4835) in ¥ Cas on Nov 6) then an added unpolarized flux
equal to 25 per cent of the original flux is réquired, while to obtain

| p(4861) / p(4835) equal to 0.50 requires x = 100 per cent, which is still just
§onsistent with the stfength of HB emission and underlying absorption in 7

- Cas. Only one digitized scan of the HB line'in Y Cas was taken on each oc-
casion and that'on 1973 Nov 26 contained two spectral points fewer than the
'scan taken on Nov 6, hence, the normalised profiles shown in Fig. 4.9(a) are
not directly comparable., The apparent conséancy'of the values of p on the
wings and nearby continuum of HB oﬁ tﬁe two nights mentioned above contrasts
with the large changes occurring at the line centre. Clea;ly, future studies
musf include frequent, calibrated scans of the line profile, in order to test

the hypothesis that the polarization variations are related to the emission
strength.

From spectroscopic g;iﬁgnce (Underhill, 1960) it is.estimated that the
“radius of the region producing hydrogen emission is about 10 stellar radii,
vwhile thé main body of gas lieslat 2 or 3 stellar radii from the star, thus
lending support to the idea that the hydrogén emission does not suffer scat-

tering in the circumstellar cloud and is therefore likely to be unpolarized.

-

The model for the continuum polarization of the Be-shell star, Z Tau,

given by Capps, Coyne and Dyck (1973), involving electron-scattering, modi-
 fied by hydrogen absorption, in an optically thin, ionized equatorial disc,
is, apart from the simplified geometry, likely to’be complicated by intrinsic
polarization produced by the rapidly rotating underlying star. Hutchings
(1970) has calculated absorption- and emission-line profiles for a rbtating,
géometrically distorted star. He found that the observeq profiles in the
spectrum of Y Cas were fitted best by those computed for an 08 star, rotat-

‘ing at break-up velocity, with a rotationally ejected outer envelope. The
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énvelope is almost disc-like at the contact point with the stellar equator
but very extensive perpendicular to this plane at several stellar"radii.

~ Although such 2 computatiohal method may not produce a unique model, the
"doughnut-shaped" shell together with a rapidly rotating 08vstar might also
explain the observgd variations in the continuum polar;zation aﬂd the line

profile polarization '‘of Y Cas reported here.

Polarization to be expected from rotationally distorted early-type
stars has already been discussed in Section 1.2; the points of concern

here are:

1. Whichever mechanism is involved in producing the po;érization properties
of the light from Be-shell stars, (e.g. scattering in an opticallf thin disc
of ionized hydrogen or radiative transfer in rotationally distorted extended
'atmospheres), hydrogen emi;éion occurs in optically thin regions on the |
fringes of the stellar "atmosphere." Henée; the depolarization effect

across HP establishes the presence of intrinsic polarization.

2. High resolution/high precision polarime@xy on emission line winés, to-
,.gether with wavelength scans of the profilg, may reveal further polarization
structure associated with rotation effects. Cérrelations between polariza-
" tion and spectral variations may also be revealed. For example, if the
circumstellar shells‘afé produced by mass loss, it is possible that a time

- lag may occur between changes in emission stréngth and continuuﬁ polariza~-
tion. Marginal.evidence for small additipnal polarization-effects in the

wings of HP is suggested by the measurements reported here. ‘Further obser-

vations, perhaps with the 2.5 2 filter, aie certainly needed.

For comparison with the Be-shell stars, observations were made on
- another star, with an extended atmosphere, known to show broad band polari-

_ zdtion, namely, « Cyg (A2Ia). This star is a highly luminous supergiant,
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which shows Ho emission and variability in other Balmer lines. It shows no
evidence of a shell spectrum but line profile changes indicate possible ra-
dial movements of its atmosphege (Underhill, 1966). Polarization measure-
ments at three wavelengths across fhe HB line are given in Table‘4.3. To the
precision of these observ;tions (c'e:i 0.02 per cent), no polarizational ef=-
fects are apparent and fhe measurements agree very well with the broad band
values. given by Serkowski and Chojnacki (1969), i.e. p=20.37 + 0,018,

e = 300. However, since « Cyg is not a rapidly rotating star, intrinsic
polarization arising in the eXtendéd atmosphere is probably unlikely to
result in'any net effect, in either the continuum'or the line. Measurements

across the Ha emission feature would settle the.nature of fhe polarization

.of this star.

Polarimetry with high ‘spectral resolution of objects in the categories
discussed or referred to in this section has only just begun and widespread

‘discoveries can be expected in the future.

4.4 Magnetic Stars - Intrinsic Linear and Circular Polarization Associated

with the Zeeman Effect in HB.

Introduction | ‘ .

A powerful, and perhaps the most topical, application of narrow band
spectropolarimefry conéérns the detection'of magnetic phenomena. by measure-
ment of thé intrinsic polarization of spectral lines. Reported in this sec-
tion are linear and circular polarization measureﬁents made on.the HB line

of a small selection of magrietic and suspected magnetic stars.

The first stellar magnetic field detegted was in the peculiar A-type
(Ap) star 78 Virginis:- (Babcock 1947). Measurement of the field strength was
achieved by recording, side by side, high dispersion spectra in left- and

right-circularly polarized light and then using the systematic displacement
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between'the aﬁsorption lines in the two spectra. This displacement is pro-
duced by the longitudinal Zgeman effect in absorption. Iriefly, in the nor-,
mal Zeeman effect, a single spectral line appears split into three indepen-
dent, pélarized components - the Zeeman triplet - when the atomic transition
occurs in an external magnetic field. Wheﬁ the resulting spectrum is viewed
in a direction at right angles to the applied field (transverse Zeeman effect),
a central oomﬁonent (n), linearly polarized parallel to the field, is seen,
together with two displaced components (o) polarized perpendicular to the
field and of half the intensity of the n component. For a field diiected

‘ toward the observer (longitudinal Zeeman effect), only two circularly pola-
rized, displaced components (o) of equal intensity énd bpéosite handedness
appeér. If the Zeeman triplet is viewed in an arbitrary directioﬁ,:the o
;omponents are elliptically polarized and the relative intensity of the =, ¢
components alteied. The wavelength separation of the o components from the
undisplaced central compbnén¥ is propeortional to the strength of the applied
field.

Stellar magnetic fields have 5een detected by photographic methods
(Babcock 1962) in about 160 staﬁs,‘mostly‘of early spec£fa1 type, and a cata- -
logue has been compiled by Babcock (1958). Also céntained in that catalogue‘
is a list of stars in which magnetic fields are probable but not firmly es-
tablished, and others in wﬁich the spectral lines are too broad to permit
aﬁy measurements'of Zeeman splitting. Accs;ding to Preston (1969), the pre-
cision attainable is about 150 to 200 gauss standard error in suitable sharp-
lined stars. For stars in which the narrow metallic lines are broadened by
stellar>rotationiand those in which the magnetic field is very weak, detec-
| tion from the absorption line prpfiles alone is rendered impossible by the

very small separation of the ¢ components combared to the line width. How-
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ever, in all cases, residual éircular polarization in the wings of the un-
resolved profile can be used to yield the value of the effective longitudinal
component of the magnetic field. Photoelectiric polarimeters are superior to
photographic instruments in this regard and’have been regularly employed in
very high precision observafions of the Sun. Recently, several workers

have adapted the same technique for application to stellar measurements.

Intfinsic linear polarization in ﬁagnetic Ap stars has been a controver-
sial topic for many years. Thiessen (1961) reported variable linear polariza-
tion for HD71866 and suggested that it was not of interstellar origin, but
associated with the magnetic properties of this star. He also reéorted large
linear polarizat;on effects related to the measurement of equivalent widths
of tﬁe spectral lines of certain stars (Tamburini and Thiessen 1961). These
.results were repudiated bfféther people on the basis of overanalysis or mis-
interpretation. Isolateé‘ev;dence, such as the report by Clarke apd.Grainger

(7966) of a polarization effect across HP in Y UMa, appearsto have gone almost
uhnoticed. Survey measurements in broad or unfiltered passbands by Hiltner
and Mook (1967),.and Serkowski and Chojnacki (1969) produced negative results.
‘Since a Zeeman triplet observed without spectral resolution is unpolarized,
it is apparent that the higher throughput of broad band poléiimetry is off=-
lset by the smallness of - any resxdual 1ntr1ns1c polarlzatlon arlsing from, for
example, line blanketing or the slope of the spectral energy curve. The
method adopted in thlslwork relies on the rapid wavelength variation of pola-

fization expected across a spectral line affected by a magnetic field, in

comparison to the slowly chénging wavelength depehdence of the interstellar

component.

’

It has been encouraging and stimulating to note that a considerable

interest has developed over the past four or five years in photoelécjric
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‘polarimetry of magnetié or suspected magnetic stars. Recent advances have
~already been summarised in Section 1.3. Some of the stars observed during
‘the course of tﬁis work were also observed independently by other researchers
‘using different techniques. For example, Bofra and Landstreet (1973) have
employed a coudé photoelectric Pockels cellipolaiimeter to survey 23 bright
stars for circular polarization in the wings of metallic lines, while Kemp
and Wolstencroft (1973¢, 1974) have used discrete narrow band interference
filters for HB polarimetry with a single beam ﬁolarimeter employing é photo-

elastic modulatof.

The.fractional circular polarization on the Qings qf'a Balmer line,
such as HP, is typically 50 <o 100 times smaller than for sharper.metallic
lines, such as those of Crl. A passband of about 10 2 will cover most of
one wing.of HE while a paééband of about 0.2 % is required for sharp lines.
Consequentlyj assuming the same optical traﬁsmittance, about 50 times more
signal is obtained Qith the Balmer line. In practice, a larger increase in
signal is probébly attainable because methods involving é high-reéolﬁtion
“line profile scanner often require a coudé telescope system with the added
drawback of time-dependent instrumental polarizatién.produced by the oblique
'feflectioné in the mirror train. Off-setting these disadvantages somewhat,
.is the useful feature of the coud€ system in permitting a choice to be ma&e
of several spectral lines with high Land€ g-factors. A very high fesolution
method is superior provided a large enough collector is available and there
are obvious advahtages if a'multi-channel instrument can be employed. How-
‘ever, taking account of the'complexity involved and the need for aularge
" collector, and remembering the importance of hydrogen'emissibn in Be stars,

discrete narrow band interference filters for HP were selected for the work

| on magnetic stars reported here. The additionai feature of the Hﬁ-spectro-
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‘polarimeter, already described, to obtain a record of the line profile by
tilt-scanning and the two-beam facility for simultaneous measurement on, for

éxample, each wing of the line, are important advantages of this method.

OBSERVATICNS

So far, the sample of stars studied for linear and circular polariza- -
tion effects across HP is small and restricted to Ap stars.  This is partly
a consequence of observing conditions but also because many of the most in-
teresting magnetic ang Suspected’mégnetiq stars are fainter than ., ='4.C,

thus a large collector is essential.

The strength of éolarization in a line profile, I(x), is determined by
the effective magnetic field He, in the region of line formation, that is
the mean component along the line of sight (He =H cos 7), and by the spec-
tral slope, dI/dA‘. Let r(IA) represent the intenéity profile of one of the
o) compbnents, in a Zeeman triplebt, convoluted with the instrumental profile

of the scanning monochromator. Representing the Zeeman splitting by 4\,

where

M = gAOZ(H cos 7) ,

4nzmc2

then for the case in which the Zeeman splitting is negligible compared to the

- line w1dth, the resultant intensity profile and the fourth Stokes parameter
(V) are given by,
I(A) r(x + ) + r(x - 20)

: | S (19

(A + ) - r(h - a) .

" since AN &K A these expressions can be rewritten as,

?

I(a) =~ 2r(a)

1

V(r) = 2m.dr(x)
da

.
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Fig. 4.11 Fractional circular polarization q (in units of 104), across a
broad, idealised (Gaussian) HB line profile in which the Zeeman
splitting due to a magnetic field of 1 kilogauss is completely
unresolved.



) : ' 129

~ giving for the fractional circular polarization, q(A) = V/I, at wavelength
A near the Balmer line HP (Ao = 4861.3 X),.

a(r) = 1.104 x 107 B, aI(h)/an ' . ()
I(a)

where He is in gauss.

The important point is that the measured line profile I(A) and frac-
tional circular polarization q(A), at wavelength setting A, together give
all the information required to derive He' It is not necessary to know the

instrument or stellar line profilé separately.

Figure 4.11 shows the antisymmetric variation of q(A) across a norma-
“lised Gaussian line with a-full width at half maximum transmittance (FwEM)
of 20 & and residual inte§§ity 0.5 at the line centre, for a magnetic field
of 1 kilogauss. Profiles:of approximately this width and depth are obtained
" by tilt-scanning the gB’line; in‘eail&-type stars, with an interference fil-
, tér of 10 % passband. Notice that for this magnitude of‘field.the separation

of the o components (247) is only 0.022 &.

Since the resolution used for all the observations reported here (10 X)
is comparable to the width of one line wing, the fitting procedure amounts to
" evaluating the mean cirgular polarization and mean normalised gradients of

the two line wings, that is,
> = 2[‘13@ qBLUE] and & = 2[dA/I)RED - m/gﬂLUE] ’

and inserting these in equation (1)..

Measurements were made by first tilf-scanning a 40 - 50 % band across

 HP with a 10 & filter to obtain the line‘profile.' The scans are not centred

on HP because of the normal incidence wavelength cut-off of the available -

-



Table 4.4 Circular Polarization at HB in eight Ap Stars

(1) 2> (3 (4) C) N ( (7)

‘ JULIAN DATE 4 . °  MEAN GRAD. . TOTAL NOTES
STAR v Sp (244,0000 +) 107q¥ g (&Y He (ganss) IhT%g;rSIME (incl. telescope)
« And 2.2 B9p 1992.375 4 0.7 + 1.8 0.040 47159 + 409 69.5 (a)s 1, 91 cm

', 1998.3 = 2.7 + 1.6 " - 615 364 87.6 ), 1, *

B Aur 2.1 AOp 1992.655 + 0.2 + 2.7 0.056 N ;' 32 + 420 ’ 26.0 (a)s 1, ™

o® cvn  2.9° AOp 1999.71 - 4.9 + 4.0  0.035 T o270 +1040  17.6 (b), 1,
2i42.48 - 3.9+ 2.3 0.034 -1039 + 613 13.5 (b)y 2, 250 cm

B CrB ¢ 3.7 FOp 2{42.58 - 1.7 + 1.8 0.034 — 455 + 482 ‘ 32.0 (v), 2,

Y Cyg 2.2 ~ . F8Ib 2047.50 - 4.2 + 10.5  0.030 ~1280 + 3200 20.0 (a), 1, 51 cm

« Dra 3.6  AOp 2142.54 - 1:7 + 1.7 0.024 - =~ 645+ 645 24.0 (a)y, 2, 250 cm

52 Her 4.8  A3p 2142.66  + 1.4+ 2.2 0.030 + 425 + 664 30.0 (), 2, "
15'UMa 4.5 A2-F4m 2142.50 - 2.4 + 2.2 0.032 - 679 + 764 22.0 (v), 2, "

NOTES:

(a) Sign ofiq same for both-wings. | 1. Sequential measurements of q with one beam.

7 (v) Sign of q chénges from one'wing to the other. 2. Simultaneous " "o using both beams.

of¢L
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filters. -‘Positions about + 6 X either side of the line cent;e, cgrrespond-
ing as closely as possible to the points of steepest gradient, were selected
and the circular polarization meésured at these wavelengths. Several deter-
‘ﬁinations of qvare obtained from which a mean value and its standard error
can be derived. Insfrumental circular polarization at each of the wave-
 1éngth settings.used was assumed to be given by the results for B Cas and

@ Aur, and was subtracted out. No attempt was made to remove LCC effects by
repeating the measurements with the polariméter rotated through 90°. This is
justified for the present obsérvations because all of the stars selected have
a weak component of interstellar linear.polarization; Intrinsic linear pola-
rization of'HB,.if any exists in these stars, should be épproximately sym-
metric across the line, hence any contribﬁtion to q from this séurce will be

minimised by taking the antisymmetric mean, q¥%,

The accumulated data'is.gummarised in Table 4.4. Sequentiai,measure-
ments across the line, using a single 10 't filter, were made when the poiari-
meter was attached to the two smaller collectors, while for the run on the
2.5 m Isaac Newton Telescope, two 10 ' filtérs were employed to obtain
simultaneousIoﬁservations of each wing. Column (2) of Table 4.4 gives the
Julian date at the beginning of each run.and column (3) the antisymmetric
mean circular polarization, gq*, in terms Qf the convenient unit 104;

(1O4q* = 1 is equivalent to g¥ = 0.01 per;cent). A real effect appears as
a circular polarization which reverses sign from one wing to the other, but,
because of rotational effects and non—uniformity of the magnetic field over
the projected stellar disc, the magnitudes of q may be different foi;each
wiﬁg. In column (4) is given the mean value of the normalised line‘profile

gradient, g, and in column (5) is the effective magnetic field H, and its

standard error, derived from equation (1), Positive q*/g implies awfield
. o



132

Normalised Intensity

HB (10 A filter)

0-90 »~— a? CVn (AO)

0'80_" ' o .l‘5.UMO '/\
(A2 - F4,m) \

070

\

\%

A L '

i
!
|
|
j

4830 4840 4850 4860 4870 4880
Vchelength (A)

Flg. 4.12 (a) HB 11ne profiles of two Ap stars obtained by tilt-scanning of
a 10 X interference filter (Ao 4875 R) Fixed positions used for
circular polarimetry are indicated by V and R.
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Fig. 4.12 (b) Idealised phase curves for az CVn and B CrB reproduced from
o Kemp and Wolstencroft (1974), Pyper (1969), Jarzebowskl (1965) and
- Preston and Sturch (1967) respectively.
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directed toward the observer and positive (right-hand) circular polarization
corresponds, as usual, to a counterclockwise rotétion of the electric wvector

with increasing time. _ '

Typical HB scans of two Ap stars are reproduced in Fig. 4.12(a). The
fractional error at any point in each profile is less than 0.01. (i.e. 1 per
cent). Consequently, the shape of HB in the metal rich star, 15 UMa, is
real and, in fact, a similar but less ﬁronounced ﬁink in the blue wing is
also apparent for P CrB. THis star has spectral type FO, intermediate be=-
tween the peculiar classificafion A2=F4 6f 15 UMa and the structure in t%e

spectrum in each case is probably due to lines of ionised iron.

Idealised phase curves for the periodfc magnetic variables aZCVn and
f CrB are shown in Fig. 4.12(b). That for aQCVn is a reproductiog of one
given by Kemp and WOlstengréft (1974), who derived it from the work of Pyper
(ﬁ969), modified by the writer to agree with the sﬁape reported by Jarzebowski
.(i965). The phase curve of B CrB is taken from Preston and Sturch (1967). Of -
course, these curves are derived from metallic lines rathér than thé‘Balmer
lines. To obtain the phase, ¢, at the epoch of observation the following
ebhemerides, given by the above authors, wére used: JD 2439012.61 N 5.46939E

for o®CVn and JD 2434217.5 + 18.487E for B CrB.

FEed f

In addition to the circular polarization observations linear polarization
,‘measurements across HP for four early-type peculiar s;ars were also obtainéd
and these are displayed in Table 4.5. All %he observations shown in Table
4.5 were obtained with the polarimeter attached to either the 51 cm or the

91 cm telescopef
Discussion

As is evident from column (5) of Table 4.4, none of the measurements of
~“\

Hé are statisticaily significant, that is in no case did the mean value of

¢
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the magnetic field exceed BOﬁ, where dﬁ equals the standard error of the

mean. The average value of cﬁ, about 500 gauss, is excellent for the range

of stars investigated and for the integration times .involved. Hence, although .
.only upper limits on the effective longitudinal magnetic fields of the eight
stars 1isted can be given, certain encouraging trends can be demonstrated
without criticism of overanalysis. Of the eight stars observed, three are
known magnetic stars and the others categorised as having intermittent fields,
very weak fieldé or broadened spectral lines.

Referring to Fig. 4.11(bj, it is apparent that the two_results for
aZCVn and the single value for P CrB are in good agréemgnt with the expected
field strengths at the phases Qf‘observation. In addition, the positive-mag{
netic field derived for 52 Her is consistent with Babcock's finding that this .
irregular variable alwayszﬁés a field of positive polarity. Although a posi-
tive field was present op'eaqh occasion that Babcock observed this ‘star, many
of the spectrograms listed in his catalogue.did not yield,‘for one reaéon or
aﬁother, statistically meaningful guantitative values for'He. The minimum

well defined value was + 840 gauss, hence the result reported here, + 425

+ 664 gauss is quite feasible.

Since 52 Her was the faintest star observed in the entire programme gﬁd
it was studied with the largest collector '(2.5 m INT), it is worthwhile to
consider the integration times involQed; To yield a convincing demonstration
of the presence of a field of about + 425’gauss would require an improvement

~in the précision of q* by a factor 5, that‘is an integration time of 12.5
hours would be needed! The error in q* includes correction for ihstrumental
polarization. In mitigation it mﬁst be pointed out that’the observations of -
52‘Her were carried out under very poor photometric conditions, name%y, a

thick layer of cirrus cloud illuminated by the full Moon, leading to a count

-
t
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rate reduced by about one stellar magnitude (i.e..a factor 2.5). Therefore,
under good atmospheric transparency conditions; an integration time of 5 hours
should enable a precision of + 0.004 per cent (i 0.4 x 10-4) to be attained
'and hence dﬁ =~ 120 gauss. With the same collector, and allowing for the
‘'same transparency loss factor, this precision should be possible in about 20
 .min on a second'magnitude star'(céunt rate ~ 5 x 1053-1} Comparing the stan-
dard error for a2 CVn with the photon counts reveals that the integration time
is too long by a factor of two, indicating that under the hazy conditions en=-

countered the‘data'was not strictly photon limited.

Circular polarization measurements were also made at A/on = 4835/25 %
fof o Aur, P Cas,, ¢ And and B Aur. In each case the st;a.ndard error of the |
mean derived from the data was o'~ + 0.01 per cent. Since the divergence of
the four mean values of qﬂﬁas ~ + d, these values were combined to form an

average instrumental polarization to a precision of ~ + 0.005 per cent.

Of the other stars listed in Table 4.4, viz., & And, P Aur, ? Cyg,‘a Dra
4‘ and 15 ﬁMa, the latter, 15 UMa probably warrants further‘investigation since
it shows a sign reversal of q from one wing to the other. It is tabulated,
tbgether with « Dra, in Babcock's catalggﬁé under the ' heading "magnetié field

probable but not firmly established."

Borra and Landstreet (1973) have reported the appearance of a variable
‘feversing,field exceeding 103 gauss for a short time in ¥ Cyg, but the brief

observation given here is not good enough to check this.

B Aur is a bright A0 star for which no field is known. The results given

heré are consistent with this to a precision ok = + 440 gauss.

Several measurements of the well known manganese star « And were made
. prior to those tabulated, but the best results were achieved duriﬁg the 91 em

run in 1973 Nov. This star, the second brightest (after ¢ UMa) of the Ap
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stars with rotationally broadened lines, gives no indication of a magnetic
field at thevlevel dﬁ = 364 gauss, which;is an important'result.i Recently,
a few isolated measurements made independently by other workers héve been
pgblished, for example, Borra and Landstreet (1973) give dﬁ = 440 gauss (one
observation of A 4254.4 ) while Kemp and Wolstencroft (1574) reported two
results with valugs of cﬁ of 30 gauss and 59 gauss respectively, using 15 P

filters on HPB.

The precision gquoted by the lgtter Qorkers may be an overestiﬁate by a
factor of 2 or 3, because of fhe application of an approximate fogmula invol-
ving the equivalent width of the spectrai line (W) and the FWHM of the filter
(F). Assuming that (i) the Zeeman splitting is completély unresolved; (ii)
the filter function is Gaussian; (iii)' the filter is substantially wider
than the spectral line; and (iv) the line is centred at a half-transmission
- point of fhé filter, this'legds to H, (gauss) = 6.6(F2/w) 1O4q*, where F, W
are in angstroms (Kemp and Wolstencroft 1973a). -In Ap stars, condition (iii)
is no longer satisfied for F o 15IR or less. Using the given expression with
F= 10 % for a2 CVn resulted in a value of He smaller by a factor 3 than that
derived by the line profile method and, of course, the apparent precision
was overvalued By the same amount. For F & 15 R the disqrepancy may be less
' serious. Dr. Kemp agrees (personal communication) that this‘rule-ofethumbl
is 6nly strictly valid for the case for wﬁich it was derived, viz.,‘OB X-ray

binaries in which the equivalent width of HP is ~2 & or less.

It can be concluded from these preliminary observations that magnetic
fields of ~ 500 gauss or more can be detected with 10 3 resolution in a wide
range of A-type stars, in integration times of a few hours with a suitably

large collector. For stars of later spectral type, in which HP is weaker and

narrower, use of the 2.5 ﬁ filter would be profitable. However, the technique
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Linear Polarization at HP in four Ap stars.
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Table

o JULIAN DATE  A/AA - D 6 INTEG. TIME

STAR  m, Sp (244,0000 +) (2) . (per cent) (deg) (min)

« And 2.2 3B9p. * 4863/10  0.37 + 0.14 134 + 11 28
4835/25 0,13 + 0.08 29 + 18 "

£ Cas 3.4 B3III  1990.5 'l4861/101 0.31 + 0.17 110 + 15 18
4835/25 0.45 + 0.09 130 + 6 34

Y TMa 2.5 AOnv  2132.5 4861/10  0.16 +0.04 26+ 8 240

“ 4875/11  0.14 + 0.05 41 + 11 115

4800/200 0.05 + 0.04 169 + 30 32

e UMa 1.6 AOpv. 1967.4  4861/10 ~ 0.40 + 0.14 20 + 10 42
4835/25 0.11 + 0,08 58 + 20 "

% Mean of two observations:

o

JD 244,1966.5 and JD 244,1967.5
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becomes most powerful when combined with linear polarimetry at HP, hence
enabling, for example, magnetic and electron-scattering phencmena te be

distinguished.

Of the four stars measured for linear polarization effects across HB
(see Table 4.5), both &« And and & UMa show no differences to within the pre-
cision obtained, viz., + 0.14 per cent. Both of these stars exhibit rota-
tional broadening of their spectra. A few measurement; of higher precision
made recently by Kemp and Wolstencroft (1974) indicated an intrinsic linear
polarization, probably variaﬁle, of'p =~ 0.03 per cent in « And. For & UMa
the position regarding either intrinsic linear polarization or a magnetic
field is still unresolved. The only published narrow band polarization
measurements of this star are those of Borra and Landstreet (1§73), who find
'no evidence of a ﬁagnetiqﬂfield at the level of Oy = 130 gauss (circular

polarimetry; one observation). .

A "five per cent" polarization effect in the equivaleﬁt width of Hf in
€ éas ha§ been claimed by Tamburini and Thiessen (1961).v However, with 10 %
‘resolution and a prepision of + 0.17 per cent there is no evidence of any
differential polarization across the line.“ In'fact, the results shown in
‘Table 4.5 agree guite well with those of Behr (1959b), viz.y, p = 0.35 per

p -

cent, 6 = 120°,

Unfortunatély, the only prolonged oﬁservations of Y UMa (AOnv) were
made under severe, low~transparency cond;tions due to fog. Hence, the inte-
gration times given in Table 4.5 are very long but are consistent with the
count rate which was observed on that occasion. Statistically significant
results are just obtained at wavelengths AA 4861 R and 4875 X, while the
value of p for the broad blue filﬁer’(AA'~200 R) is smaller and compares well

with the broad band polarization given by Behr (1959b), viz., p = 0.04 per



139

cent. Since the azimuth for the measﬁrement at A/A\ = 4800/200 R is poorly
defined, it is difficult to ascertain whether or not a real rotation of the
position angle has occurred. These results require to be substanfiated
under better observing conditions and time variability should be searched

for.

If the line polarization reportéd ﬁere is real, then it is about 25
times smaller than that reported by Clérke and Grainger (1966); .Although
" Dervis (1970) also claimed to have established thé presence of a strong
Balmer line polarization effeet ip this star, his result is stated as

"p = 11 + 5 per cent", which is really meaningless.

The measurements by Clarke and Grainger were obtained by recordfng the

" HB line profilel with a photoelectric grating.monochromator, for two ortho-
génal orientations of a,péiérizer placed after the exit apérture. Thus only
one. component of the linear polarization was determined. Reductioh of the
two scans was achieved by first matching the centroids of the line profiles
and then forming ratios at several discrete points across.the line. A dif-

" ferential polarization amounting to 5 per cent was found at the HP line -

~ centre; the polarimetric precision Qas + 6.5 yer ceﬁt to + 1,0 per cent.
'ihis method of deriving the'polarimetricvquantity is potentially troublesqme,

since any mismatching of the wavelength points to be ratioed will produce an

apparent differential polarization following the shape of the spectral line.

Further investigation of ¥ UMa is definitely warranted, Qith special
emphasis on very accurate circular polarimetry on the wings of HB, to estab-
lish the longitudinal component of any magnetic field preseht. If this field
is very small (q* < 0.01 per cent), while the linear polarization is large
(p ~ 0.10 per cent) and shows a rotation ‘of © across the line, then a magnetic
'origin may be difficult to support. Since Y UM; is a rapid rotator a'plaus-

ible explanation may be the mechanism predicted by Uhman.
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5. CONCLUSIONS
5.1 Summary

In the previous chapters the design, development and application of a
photoelectric HB-spectropolarimeter has been présentéd and discussed. Not
oﬁly has it been‘esﬁablished that this instrument performs satisfactorily as
a narrow band linear or circular polarimeter; but an original contribﬁtion to

the study of Be- and Ap-stars has been ‘achieved by the observational work.

By tilt-scanning nairow band ;nterferencé filters of either 2.5 R or
10 £ passband, digitized line‘profiles of the HB line (A 4861.3 3) are ob-
tained. _Polarimetry can Fhen be performed at discrete points across the
spectral feature with a resolution of approximately 3 2 or 10 . On-the-
telescope calibration of the wavelength/angle of tilt relationship is accom=-
plished by piping light from laboratory sources to the polarimetér-diaphfagm

by fibre-optic tube.

A fixed double-beam polarizing prism, preceded by a rotatable mica half-
wave plate, enables measurements to be performed simultanéously, by single
beam polarimetry, at two independent wavelengths and passbands. Four click-
'stop settings of the half-wave plate, relaéive‘to one of the polarizing axes
.;f the double-beam analyser, are used, ip pairs, to obtain the two linear.
Stokes parameters px:='Q/I and Py, = U/I. To record the degree of circular
: pdlarization, q ; V/1, a quarter-wave plgte, with its reference axis at +45°
to one axis of_the double-beam polarizer, is inserted to act as a V—Q con=-

verter; q is yielded by intensity measurements at the same two orientations

of the half-wave plate used to determine Py- ,

Wavelength scanning and the polarimetric measurement sequence are fully’
automated, with pulse counting electronics being employed to display and

record the signals; Short integrations (~3s) are used at each half-wave
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. plate setting and every pair of measurements, corresponding to Pys py or q;
is cycled several times before the accumuiated counts are printed out. This
method is quite effective in smoothing out both random and systematic efrors

arising from atmospheric effects such as scintillation, transparency drifts

- and extinction.

Many of the stellar measurements were obtained under relatively poor
observing conditions. Nevertheless, it has been shown that, on most occas-
ions, mean values of any of .the no?malised Stokes parameters Pyr py,.q can be
- obtained to an accuracy essenfially controlled by the fundamental limit of
the photoelectrén production rate, i.e. by photon (or quantum) noise.‘ In all
cases in which intrinsié time variability.of the source‘was not suspected,
the polarimétric precision was within a factor 2, at worst, of the idealised
tﬁeoretical error derived ‘from Poisson counting statistics. Several consis-
- tent measurements, on various stars, with a 25 2 passband yielded a standard
error in the mean value Qf the Stokes parameter of o = + 0.01 per cent of

total intensity. Precisions of + 0.02 per cent to + 0.03 per cent were

typical for studies involving the 10 X frilters.
Observationally, the achievements of the study have been as follows:

(a) Application of the polarimeter to the study of the "filling-in"
(Grainger-Ring) effect in the HB line of blue sky light revealed the
expected decrease in polarization across.the line. These measurements,

~made with 2.5 X resolution, are bglieved to be the first éf this-king.

)

for HP and the polarimetric precision (o~+ 0.1 per cent) is probably
better than that obtained by previoué workers studying other Fraunhofer .
lines. It is demonstrated that even when the intensity filling-in

factor, o, is known, the nature of the polarization of the excess

radiation cemponent can only be deduced if very high precision pola-
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rimetry of the line profile is obtained (say, ¢ + 0.01 per cent).
Observatione of Be—she}l stars, with 10 2 resolution, led to the disco-
very of a reduced polarization at the line centre of the HB emission
feature in ¥ Cas. A similar result was obtained for Z Tau. These
measurements give direct proof that much of the observed polarization
of the light from these stars is intrinsic, i.e. the polarizetion occurs

close to or within the star, rather than in the interstellar medium.

‘Definite time variability and intriguing evidence for further polariza=-

tion structure on the line wirgs was observed for each star. A similar
result for Ha in Z Tau has been reported by Coyne (personal communica-
tion).

Measurements across the HB line profilevof the blue supergiant star o
Cygy which has a verx"extended atmosphere and shows Ha emission, gave

no evidence of any differential polarization effect to within a precision
of + 0.02 per cent ef tetal intensity. | ) |
Upper limiks to the longitudinal magnetic fields of several stars were

obtained by circular polarimetry of the Zeeman effect on the line wings

of HB, with 10 § resolution. Good qualitative agreement was found for

three stars of known field strength (a2 CVn, B CrB, 52 Her), although.

the integration times were too shorf to permit 30 values to be obtained.
Results given for the broad-lined Am star, « And, are discussed andvcom-
pared to recent measurements made lndependently by other workers. As
far as is known, the upper limits for the stars 15 UMa, « Dra and B Aur
are orlglnal.

FPour peculiar A-type stars, about which little is known regarding the
presence of a magnetic field, were investigated for’intrinsic linear
polarization of HB. Upper limits on any differential effect were ob~

tained for three of these stars, viz., @ And, € UMa and ¢ Cas. The
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result for o And has now been superseded by observa%ions, with higher
precision, by Kemp and Wolstencroft (1974). For the fourth object,
Y UMa, a rapidly rotating star, there is just a hint of the presence
of intrinsic polarization amounting to p = 0.15 per cent in the HB line
compared to p = 0.04 per cent in a 200 2 band centred near'the line.
Further measurements involving linear and circular polarimetry of HPB
and a wider passband should be carried out fof all of these stars,
. especially ¥ UMa. '
(f) From the various HP 1ine’profiles shown it ig apparent that ti£¥-scanning

of narrow band interference filters is a very useful and simple method of

recording stellar (and other) line profiles.

The principal advantages of the polarimetric system are: z

(i) Simplicity of degién (both optically and electronically).
(ii) Compa;tness; easily operated at a Cassegrain focus.

'(iii) High throughput at high resblution is obtained, and all of the stel-«
lar seeing disc is accepted, by using narrow band interference fil-
ters.

(iv) The basic linear polarimeter is easily converted to measure circular
' polarization.

(v) A permanent record of the stellar line profile is easily obtaine&'by
, tilt-scanning of the narrow band interference filters.

| (vi) By ﬁsing a double-beanm polariziné prism and each beam as a single
channel polarimeter, two independent wavelengths and passbanés can
be studied simultaneously.

(vii) Chopping back and forth between two click-stop orientations of a

[

rotatable half-wave plate for short pulse counting integrations of

iy

about 3 s (Clarke's method), provides a simple and reasonably’
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efficient means of smoothing out signal noise of atmospheric origin.

(viii) The system is easily transportable :and relatively inexpensive.

5.2 Areas for Improvement

Three areas-in which the polarimetric system could be improved are im-
mediately apparent, viz., instrumental polarization, achromatic polarimetric

-elements, higher speed pulse counting.

The question of instrumental polarization is quite important when small
variations in polarization with time or wavelength are being soughfﬂ In the
Hh—spectropolarimeter, instrumentél polarization is not small but it can,

- apparently, be fairly well characterised by measurements of so-called unpola=-
. rized standard stars (see, e.g. Serkowski 1974). Such corrections, when ap-.
* plied to observations of §§grs of known polarization, lead to results which
compare very well, at the.i 0.02 per cent level, with those of Behr (1959b),

Serkowski and Chojnacgi'(1969)‘and Coyne and Kruszewski (1969).

Corrections to a precision higher %han + 0.01 per cent are often un-
nécessary for many differential polarization measurements but, in any case,
very few standard stars are characterised to a precision of say + 0.005 per
cént, at présent.' 0f more importance are those ingtrumental instabilities

"which could result in %’ghgggg in instrumenta; polarization duriné'a parti-
cular, probably long, observing run. No such effects have so far .been en-

countered at the 0.01 per cent level.

There seems little doubt that part of the instrumental polarization is
due to the collimating lens. The presence of this lens is essential to main-
tain the resolving power of the interference filters, however a‘lens of

~higher optical quality or higher f/ratio may be helpful.’

Extending the‘wavelength range over which the polarimeter can operate,
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‘by incorporating achromatic phase plates, would be most useful. This would
enable, for example, simultaneous high resolution measurements to be made,at
Ha. and HB and also allow various broad band observations to be made in sup-

port of the line measurements.

Fast-response ampiifiers and high speed scalers with electronic band-
widths of ~ 100 MHz would be extremely advantageous for blue sky and bright

star work especially when atmospheric conditions were good.,

Other features which might be.added arey (i) a paper tape punch, to run
in parallel with the digital printer, giving a computer-readable output; and
(ii) automation of the tilt-scanning mechanism in Beam 2 of the polarimeter.

The latter would be essential for simultaneous work at Hf and Ha.

5.3 Future Studies

Polarization‘measureﬁents of certain spe§tra1 features with high reso-~
lution are of considerable iﬁportance to astrophysics. This is especially
true when exceedingly high precisions of about + 0.001 per cent can be ob-
tained or when the narrow band polarization observations are supplemented
with broad band polarimetry and spectrophctomeiric measurements. Some

topics awaiting full development are outlined below.

bBlue sky; Moon; Planets:

Establishing the polarization state of the excess radiation component,
causing the filling-in (Grainger-Ring) effect in the Fraunhofer lines in blue
sky, is a challenging study which has obvious poésibilities for extension fo
‘ithe study of planetafy atmospheres., Detection of luminescence, which could
also result in a filling-in of certain sﬁectral lines, might be poséible
polarimetrically in the light from the Moon,” and other pfanetary objects

without atmospheres.
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Ae, Be stars:
Not all Ae and Be stars exhibit polarization in broad bands and some
- emission line stars which do show polarization, but not shell speétra, give
little broad band evidence that the polarization is intrinsic. Line profile
polarimetry, especially of emission features, is a new and important tool
in the study of these stars and should enable more realistic and detailed

models to be constructed.

Correlation of the polarizatipn of the Balmér lines with the strength
and structure of the emission‘line profiie, continuum polarization and light
variations, and rotaticnal velocity should be searched for. Such information
will improve our understanding of the scattering geometéy and the effects of
. mass loss, radiative transfer and rotational :distortion on the star and its
envelope. If the presencé"bf a circumstellar shell is related to the evo-
lutionary stage of the étér ?hen an interesting correlation may be found
befween age and intrinsic polarization. ‘éimultaneous measurements at Hax and .

: ‘ - absorptim
HB could be very useful because the scatterinﬁzoptlcal depths are quite

different.

Other Emission Line Stars:

| Every star showing hydrogen emission, regardless of spectral type,
should be investigated' for intrinsic polarization effects by observationé of
its.line profiles. Sloyly rotating staré are not precluded since line pola-
-rization could be‘produceé by some other means, for example,.QSymmetric

scattering from hot spots or resonance scattering.

Rapidly Rotating Stars:

‘These stars are obvious candidates for study. Polarization of the con~
tinuum flux of rotationally distorted early-type stars and the possibility of

line profile effects has already been discussed in this thesis. If the star
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is rotating near break-up velocity and occasionally ejects material, many

of the features_qf emission line shell starsvmay be apparent.

Binary Systems:

Binary star systems may exhibit many of the properties of emission line
shell stars and rapid rotators. Tidal distortion or perhaps asymmetric il-
lumination, both of which may be functions of.orbiéal phase, may be manifest
in differences in polarization between-spectral lines and very broad bands.
Complex effects might occur if one,'or both, of the stars have strong

magnetic fields.

Magnetic énd Suspected Magnetic Stars:

Insight into the magnetic field géometry ;nd direct évidence of the
stellar rotation can be gained through observations of the intrinsic linear
polarization of peripdic gagnetic variables. Evidence for a transverse com-
fonent of the mggnetic field should be sought in all known magnetic stars‘

vdespite the restrictioné on the magnitude of p imposed by LTE. By photo-
electric circular polarization measurements_ﬁn line wingﬁ, the 1onéitudinal
- component of the stellar magnetic field can be déduced. This technique can
e applied to so-;alled "irregular variables" to search for periodicities,
- %o starslof,all spectral clasées not so far investigated for magnetic fields,
to magnetic white dwarfs and to studies of the optical counterp;rts of X-ray
sources and possible neutron star and bléck-hole candidates. Simultaneous
measurements at, say, HP and Ha, would bé most useful in all cases since

’

this would provide information on the distribution of the magnetic field

with height above the photosphere.. .

Interstellar Material: ,

Narrow band polarimetry of interstellar absorption features such as the

A 4430 R 1line can reveal the presence of impurity atoms in the interstellar

grains.
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Nebulae:
Hydrogen emission polarized by scattering in a dense localised dust
cipud may show structure and spatial variations or time variability related

to the dynamical structure of the cloud.

From the zbove list, which is not claimed .to be exhaustive, it should
be quite apparentlthat a fascinating and, as yet, virtually untapped wealth
of medium-to-high resolution polarization phenomena await observation and

interpretation.'
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GLOSSARY OF SYMBOLS -

arbitrgfy orientation of the ro§ating half-wave plate of the pola-
rimeter with respect t; the Cartesian axes of the fixed polarizer;'

angular diameter.of stellar seeing disc.

residual orientation error when the half-wave plate is assumed to

be aligned with the axes of the polarizer.

external angle of tilt for the interference filters; B = O corres-

ponds to the filtefs-posi%ioned at normal incidence in the colli-

mated beams.

ﬁumber of repetitions (cyples) of the }w& channeluintegrations,

each of time T. Time for C cycles is 2CT seconds.

mean error in the degree of polarization and each of the normalised
Stokes pérameters; For small polarization and Poisson counting
statistics, € ;'(z/n*t)%, where n* is the meésured count rate inte-
grated for t/4 seconds at ea§h of four position angles of the half-
wave plate.

full widph at half maximum transmittance of a filter or spectfal pro-
file - the passband (also M\, F); measured in angstroms (R).

mean normalised gradient of thé red and blue wings of a spectral.
line pfofile."

effective longitudinal magnetic field (He = H cos 7).

“intensity, the first Stokes parameter.

Infernational Astronomical Union.

luminosité, throughput.

linear to circular conversion of polarized light.

wavelength of light. e

stellar magnitude (visual).
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N number of counted photoelectrons.

P degree.of linear polarization, p = (Q2 + U2y5/1
Pyt By ‘normalised linear Stokes parameters, p_ = /I, P, = U/I or

P, =D cos 2¢ and Py =P sin 2¢.

Pys Pp normalised linear Stokes parameters referred to equatoriql‘co-

' ordinate system. -

él degree of circular polarization, q = v/I.

g q* = % [qRED - qBLUE] y antisymmetric average of the cir?ular pola~
rization of the réd'and Slue wings of an unresolved Zeeman split
spectral line. | |

second Stokes paiameter.

o standard error of the mean of n observations X,

P =Y (x, - D%/ ala - 1)
i=1 §

Oi standard deviation of a single observation, d& = qyf'.
T optical depth; transmission coefficient.
e position angle (azimuth) of the direction of vibration as defined

by the electric vector maximum, measured from north through east

(equatorial frame of feference).

. e equatorial position angle of x;axis of the spectropolarimeter, i.e.
the polarizinéraxis of the undeviated beam of the double-bean
analyser. | |

©. scattering angle, angle between the directions of propagation of the

incident and scattered wave.

¢ position angle of the direction of vibration in an arbitrary refe-
rence frame. ' . )
Us  the third Stokes parameter. ‘ R

: UT Universal Time.
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_ the fourth Stokes parameter; q = V/I. Positive (right-hénd)'

circular polarization occurs when the electric vector (E) has

.

increasing © with time. 'An observer of right-handed circular
polarization sees a counterclockwise rotation of E.
equivalent width of a spectral lide.

micrometer reading (related td.the angle of tilt, B, of the

-

interference filter).

- micrometer reading for B =0 (normal incidence); corresponds to

Xo’ the longest wavelength which the filter can pass.
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APPENDIX I

MUELLER MATRICES

The most general form of light is partially elliptically polarized |
light; all possible states of polarizatién are its special cases. Such
“1light can be described by its intenéityAI, degree of linear polarization p,
position angle (azimuth) © in the equatorial co-ordinate system, and degree

of circular polarization q, or by the Stokes parémeters (Clarke and Grainger

1971):
I
' Q = Ipcos 26 e
U = Ipsin 26 ' | (1)
V = Ig

The Stokes paramefers I, Q, U, V' of the light transmitted through |,
a perfect analyser (polarizer) with the principal plane at position angle ¢
are connected with the Stokes parameters of the incident light (I, Q, U, V)

by the Mueller matrix transformation equation

I 1 © cos 2§ " sin 2¢ 0 I
Q' - 1 |cos2g cos? 2¢  tsin 4¢ 0 Q (2)
= 3 .
U sin 2¢  +¥sin 4¢ sin® 2¢ 0 U
v B ) 0 0 ol |v
SS— — ’ __|._—l

. For the double-beam analyser described in the texi # has the values

Oo; 90° for Beams 1 and 2, respecti&ely.

’

The transformation equation for a perfect retarder of retardance A and

optical axis at position angle'a is
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I 11 0 0 0 I
Q' - 0 G + H cos 4« ‘H sin 4a ~sin A sin 2« Q (3)
Ut 0 H sin 4« G - H cos 4« sin A cos 2« U
'L 0 sin A sin 2¢ =sin A cos 2a cos & Vv
where G = %(1 +cos d), H = %{1 - cos A) .

From equations (2) and (3), the intensity of light transmitted through

a retarder with the optical axis at position angle a followed by an analyser
with the principal plane at position angle ¢ = 0° (upper signs) or ¢ = 90°

(lower signs) is given by

I = %[Ii Q(G + H cos 4¢) + UH sin 4@ + V sin A sin 2a] : (4)

For a half-wave plate, & = 180°, ¢ =0, E = 1 and

It = % (I +Q cos 4a + U sin 4«) ‘ (5)

;The transformation equétion for ‘two retarders in series is obtained by re-
 placing the 4x4 matrix in equation (3) with a product of two such matrices
for the two retarders. In the special case of a quarter-wave plate (A = éoo)
foilowed by a half-wave plate, with the;r optical axes at position angles a,
0

and a, respectively, an@ the combination followed by an analyser at @ = O

or 900, then,

It = -;-I + 3Q [cos 4(0:1 - a2) + cos 4a2] + 3U[sin 4(0:1 - a2)

+ sin 4a2] v sin(2a1 - 4a2)§ (6)

Finally, the matrix for a rotation of axes through an angle, Y, measu-

red counterclockwise from the x-axis, and a partial polarizer with orthogonal

intensity transmission coefficients X,, K, = ek, are respectively:



- |

0
cos 27
-sin 27

0

0
‘sin 2Y
‘éos 2Y

0

|
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r—— —
1 + ¢ 1 - 0 0
K. i1 - ¢ 1+ ¢ 0 0
1 .
a.nd -2—
0 0 2 € 0
0 0 0 2./ ¢
Lo e

(7), (8).
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APPENDIX II

Chart-recorder Trac.ings.of HB 'Li'rie Profiles Obtained by Tilt-Scanning a

2.5 § Filter
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