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ДЬstrасt. The рареr reports on the study of instrumental polarization in the coude focus of the

1 m telescope of SДО. The value and behaviour of liпеаг iпstгumепtаl polarization as а function

of declination, hour angle and wavelength аrе evaluated frош direct mеаsurеmепts.
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1. Introduction
Опе of the most соmпlоп techniques of stellar mag-
netic field measurement is based on obtaining Zeeman
spectra, i.e. on taking spectra in tvro circular роlаr-
izations п,ith а high spectral resolution (-R no 1оп,еr

than 25000). In оrdеr to obtain high quality spec-

trа, spectrometers placed at coude focus аrе mostly
used. Unfortunatel1,, the1, [аr" ап essential shоrtсоrп-
ing - instrumental polarization due to reflection of
the light Ьеаm Ьу diagonal coude mirrоrs before it еп-

ters the coude sресtгоmеtеr. The vreil known рrоЬlеm
has Ьееп considered in detail in the рареrs Ьу ВаЬ-
cock (1959), \\'olf and Bonsak (1972), Воrrа (1976),

Воrrа and \Voghan (1977), Nariaj (1982), Capitani et

al. (i989) and other authors. The principal difrculties
in inr.estigation, taking account and correction of the
instrumental po}arization consist, on the опе hand,
in iabour-consuming process that depends оп а пum-
Ьеr of fасtоrs, on the other hand, such investigations
hal,e to Ье done for each focus of а particular tele-
scope u,hiсh is used for роlаrimеtrу.

2. Observations
Fоr mеаsuгiпg the litrear instrumental polarization,
the роlагimеtег \IINIPOL rvas instal}ed at the coude
focus of the 1 m telescope. The optical diagram of the
coude focus and the location of the polarimeter аrе
dispiaved iп Fig. 1. rThere the foIlowing designations
аrе used: 1 is the mаiп mirгог. 2 - the secondary
mirrоr, ОЗ - the fiгst diagonal 45О mirror, О4 -- the
second diagonal 45О mirгоr. О5 ihe third diagonal
шirrог, Ро1. the роlагilпеtеr ]ocation. The liпеаr
po}arization mеаsurеmепts wеrе made frоm polariza-
tion standards (ТаЬlе 1) using the оrdiпаrу technique:
background - object etc. The reduction also in-
volved the conventional рrосеdurе in which the back-

ф Coili*uto,

Figurе !: Polarimeter i,п the, соudе focus.

ground contribution is subtracted frоm the measured
radialiorr of tho object.

The linear polarization \\,as measured in the John-
son рhоtоmеtгiс system UBVRI on SерtеmЬеr 7 9.

1997 and оп N{arch 23, 1998. Actually two раrаmе-
tегs Q апd U would Ье mеаsurеd. The polarizatior_
rvould Ье found as Р : JO2 + U2.

Fоr the position angle calibration Glап-Тhопrsог_
prism rп,аs used. As an ехаmрlе, Fig. 2 preserrts the

relationship between the measured linear polarizatior_
and hоur angle fоr the star HD 212311 in the V band,
The crosses rrrark the vaiues obtained with arr ехро-
surе of 1 miп. The ассurасу of а single mеаsurепiеп:
ranged from 0.16 to 0.23%. The sirrusoid describe:
the best fit of instrumental polarization.
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Table 1: The stаrs usеd as standards fоr zеrо polari,zat,ion

111

)f

HD 358
HD 432

00 05 ,18 +28 48 52 0.016 0.007 Lегоу, 1993
00 09 11 +59 08 59 0.015 0.027 Тurпsпеk, 1990

HD 15318 02 28 10 +08 27 36 0.092 0.024 Тurпsпеk, 1990
HD 21447 03 З0 00 +55 27 07 0.017 0.030 Тurпsпеk, 1990
HD 103287 11 51 13 +53 58 22 0.013 0.012 Leroy, 1993
BD +32 3739 20 12 02 +32 ,1т ,t4 0.039 0.021 Turnsnek, 1990
HD 212311 22 21 59 +56 31 53 0.028 0.025 Тuгпsпеk, 1990
HD 214923 22 _11 28 +10 41 23 0.028 0.019 Тurпsпеk. 1990

/l

l P.,l

Figurе 2,. Iпstrumепtаl роlагizаtiоп rl,s о JilгLг,t[огL of
hоur апglе |оr HD212311.

3. Selection of coordinate s}-stem

The light beam is sent to the coucie i:-i the foliort,-
ing manner: the light fгоm the object. halillg Ьееп
sequentially reflected from the nalTr апс] sесопdагr,
mirrоrs, strikes diagonal miгrоrs О3. О 1 and О5. The
рrimаrу and sесопdаг\, пiгrогs of tl-re te]esctlpe do
not introduce appreciable phase distогtiопs iпtо thе
wave front) since the light is rеflесtеd Dгасtiсаlh, Ь),

the normal in both cases. The phase shilt сап Ье in-
tгоduсеd Ьу mirrоr ОЗ. ri,hich is at ап arrgle of 45'
to the optical axis and deflects the incident Ьеапl br,
90о towards axis о5-о4. \Iiггот о3 is made fast to
the teiescope tube, i.e. immovable п,ith геsресt to the
main and secondary mirrогs. and it rоtаtеs about axis
О4-О3. The phase shift can also Ье ргоduсеd Ь1, diag-
onal mirrоr О4 positioned at an апglе оf 45" rvith the
axis о3-о4 and turned about axis о4-о5. The last
immovable flat inclined mirгоr 05 directs the Ьеаm
to the horizontal plane. The Ьеаm of light incident
on this mirror forms ъ,ith it ап angle equal to half
the latitude of the site and is 21"49'36". Fоr the sake
of convenience in examirring the instrumental роlаr-
ization, it is песеssаrу to choose а coordinate system
that could relate the objects' cooгdinates in the sk1,,

l
t

l

Figurе 3: Огiепtо,tiоп of opt,ical ax,is intercept of соudе

focus relatiue to the mаi,п di,rections оп the celest,ial
sрhеrе,

to the огiепtаtiоп of the reflecting inclined mirrоrs.
Fig. 3 shot,s the oгientation of the sections of the ор-
tica] axis rтith геsресt to the principal directions оп
the celestial sрhеге. rihich explains the choice of the
соогdiпаtе sгstem. The direction of iight propagation
is conventionall1. assumed to Ье а positive direction
оf Z axis. Denote the angle of turn of mirrоr О3 Ьу
О1. The telescope tube direction to the world роlе
is assun-red to Ье the zего-ахis (ln this position the
surfасе оf rпiгrог О3 is parallel with that of miIrоr
оа) . In this case Or : 90" - d. Denote the turп angle
about axis Оl-О5 as Oz. In the case of eastward ро-
sitioning оf the telescope take the eastward direction
of axis 0-1-03 as the огigiп. Апglе О2 will then Ье rе-
iatecl to hоuг angle t Ьу the expression Oz: t - 90О.
Iп thе case of rvestward repositioning of the telescope
Ou=l+90o.
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Figure 4: Д соmраrisоп oJ the phase shi,tt, calculated
ассоrd,iпg to Drudе (1959) (dashed li,,пе) апd ассоrd-
i,ng to Capitani, et al. (1989) (solid liпе). The l,iп,е at
the bottom shouls the diffеrепсе.

Reflection frоrn metal-coated mirrогs.
As the results of а пumЬет of tests (Воrrа, 1976; Воrrа
and \Ъughап, 1977; Capiiani et а1., 1989) hаче sholTn
the theoretical estimates of polarization agree lr,eil
with those obtained in пrеаsurеrпепts whеп the miг-
rоrs hаче metal (aluminium) coatings.

The phase shift and the anrplitude ratio of the

раrаilеl and perpendicularly reflected electric чесtоr
of the light wave сап Ье found using the classicai llp-

рrоасh (Drude, 1959), as it has Ьееп done Ьу Воrrа
( 1976).

Figrrrе 5: у ,раrаmеtеr as о, fuп,сti,оп of i,nc,idence ап-
gle calculated ассоrdi,пg to Drudе (1959) (dashed li,пе)
апd ассоrdirL,g to Capiiani, et al. (1989) (solid liпе).

т] 1,*: ,.:J - Б\,, -,'*sin2i+Д) , (8)

л: 1,_: 
7_']у - Б\,, -л'+siп2i+Е), (9)

."r.hеге (10)

Е : xl ,r' - l,,r - sin2 i)2 -L 1п2k,2 .

Аs can Ье seen frоm Figs,-l and 5, tlre phase shift
and the ratio of епеrgу coefficients r" and rо of tlre
coп}ponents for ап angle of 45О, computed Ьу the two
techniques. are markedly diffЫelit. Тhе conrputation
i,vill further Ье based оп рrесisе expressions (6) - (9)
T}re reflection coefficient for the поrmаl incidence in
this сase. according to Drude (i9б9), is

л* (1-rr)'+п2k2
(11)

(1+п)2 *п2k2,

The сопчегsiоп of the раrаmеtеrs of the incident
lig}rt. wlren reflected frоrп а flat surface, rThich is de-
scribecl Ьу the Stokes vector S = (/, Q, U, V), сап Ье
ц,ritten in the rna,trix fоrm

,9' :7 х S. ( 12)

Неrе S/ : (I',Q',Ll ',|l'1 is the Stokes чесtоr de-
scгibing the reflected light раrаmеtеrs; 7 is the spe-
c:ific case of \'Iu]ler's matrix fоr а flat пrеtаl-соаl,еd
пlirгоr obtained Ьу Jager апd Oitkerr (1963а and
1963Ь), Capitani et ai. (1983).

х2+1
х2 -\

0

0

whеrе Х2 : r'|,lr? is the ratio of the Fresnel аmрli-
tude coeficients of the electric yесtоr раrаlIеI with
and perpendicular to the plane of incidence. т is the
difference in phase shift between reflections р and s.
'Ihe пrаtгiх of turn through arrgle О, according to
Shercliff (1962), has the fоrпr
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tg А = sin qtg 2р

cos 21 : cos q sin 2;дl

lлUвq ь

"\Пттlgр : -.-;*.- (+)
SInllgz

, ,),,)lg-\ : ,rlr',. (5)

rчhеге n is tlre refractive index for optical waves irr
rnetal, and k is the absorption coefficient. The value
of r" has Ьееп taken frоm Воrrа and Vaughan (1977).
Tliis is а \,ег\, simplified scheme iп ъ,}ric}i all high
terrns аге discaгded. Ноwечеr, at present, the appli-
cation of rпоге геfiпеd рrосеdurеs of Capitani et а1.

(1989) ргеsепts rro pToblem. Figs, 4 and 5 slroin, а
соrпрагisоп of the quantities т and 1 as а function
of inciderrce angle, rr.hich have been computed frоm
tlre sirnplified relationships of Воrrа (1976) and frоm
mоrе precise fогmulае in ассоrdапсе with the metal
optics of Capitani et а1. (1989).

(1)

(2)

(з)

"=Ё(,\
х2-1 0 0 \
х2+1 0 0 l

0 2Xcos г 2Xsin , | 
't tЗ

0 -2Xsin ; 2Хсоз т /.,).)л,....).о.
. ] J- -| g- - 2/Slnl l$i l-SIn-i tg. 1

t-F\ 
.r:r = c'-|l bin i tg; + sin2 ;tg2 i

tb)

tgT:

vrhеrе

2 gsini,tgi,

il
|ш

I

Sln i,tgzi_{l2+s2),
(7)
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о,", =(3 :н;3 :::;3 S ) 14
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Then basing оп (13) we сап rчгitе the expression
of the l,ector ,S(J, Q, L/, Г) in а gerreral fоrпr:

S' :1'ь х /?(о:) х Т1 Х л(Or) х 7з x,S (15)

The result of muitiplying together (fol}oъ,ing the
rulеs of matrix а}gеЬrа) the ч,rittеп mаtriсеs leads to
чеr1, complicated expressions. and onlv appiication of
computer рrоglаmmеs rчill make it possible to effec-
tively solve these problems iп а numerical form. Since
in оur case we have по direct mеаsurеs of п and ft, in
the calculation ц,е iMill make use of the values derived
Ьу Schultz (1954) апd Schultz апd Тапghеrllпi (1954)
for alrrminized mirготs, п:1,113 and &:6.39. VаI-
ttes close to these estimates. fоr aluпrinium-coated as-
tronomical mirrоrs, have been obtained Ь1. Capitani
et al. (1989) - п:1.036*0.00-1апd k : 5.89т0,01.
So far as in оur case the diagonal coLlde mirrогs аге
mапuГасlurеd Ьу the 5alne firпl. ат lhe -atrto limo.
and using the same technolog1". Thev mач Ье assumed
to have the same reflectarrce, i.e. close n and ,k ча1-

uеs. Taking as an example п alrd k deriтed br Schultz
and Tangherlini (1954) ant1 Capitani et а1. (i969). п,е

have conrputed the iпstrumепtа1 polarization depenci-
ing on houT angle. using ехргеssiопs (6) (i-1). fоr
the саsе of HD 212311, Wheri calсrrlating the Stclke_.
output рагаmеtеrs fог the input r-ес:tог rr-e aciopted

S{I,Q,U,I") - s(1,0,0,0) i16)

since, as can Lle seen fгоm Та}l]е 1. tilеrе is по ро-
larization in the radiation fгоm stalldaгrl staгs, The
results are presented graphicallr,in Fig. б, T}re rrррег
solid сurче is plotted using the n апс1 Д r"alues fгоrп
Capitani et а1. (1989), the dashed iine i_s the п and А

values of Schuitz апd Тапghегliпi i195-1 ). The сгоssеs
indicate the mеаsurеd роlагizаtiоп l,alues irr the \'
band. As can Ье welj seen frоm Fig. 6. thе сопrрutеd
values rvith the adopted values of rr and ft аге essen-
tially higher than the obserled ottes. T}ie lori,er solid
сurче is а sinusoid fitted п,itil the estimatcs made.
Fig. 7 displays the polarization assessed frorTr ttre оЬ-
servations of the stаr HD 21.1923 \,егsus hоur angle. Iп
ассоrdапсе with thеоrу the dсгir,еd relationships аге
c:lose to sinusoidal п,ith а maximrim in the mегidiап
it:O). It should Ье emphasized that iri Figs. б arrd
7 аrе presented, as an ехаmрiе. the typical relation-
ships between instrumental роlагizаtiоп and exactl1.
|rоur angle, which сап Ье deгived with relative ease
br. observing at diffегепt t even rr,ithout repoitrting
ioп,ards diffеrепt objects.

It is muсh mоrе difficult to stud1, tire Ьеhачiоur
,f the iпstrumепtаl polarization as deperrdent on tlre

_4tl)-120
| 2|.D lt

Figure 6: Calculated artd obserued ,iпstrumепtаl ро-
larizati,on. Sol;id liпе (top) according to Capitani et
al. (1989). Dashed liпе accord,iпg to Schultz апd
Тапghеrli,пi (1959). Crosses аrе the obserueil ualLLes.

declination. Thi-c ]fu,ill rеquirе quite а few po}arization
standaгds at different declinations (see ТаЬlе 1). In
Fig. 8 liпеаг instrumental polarization is shown as
а fitnctiorr of declination in the meridian for the u
and \i barrds. Тhе ассuгасу of rneasurements is rер-
геsепtеd bl, t}re'}rаrs and rапgеs frorn 0.04 % to 0.22%.
but fоr the star BD +32"3739, for: B,hich the роIаr-
ization estimate iп U is allout 1 %. The uрреr сur\:е
is the геlаtiоп сomputed tith п and fr obtained 1эч

Capitanl et а1. (1989) for aluminium-coated mirrогs.
тhе crosses indicate the observed values. Because the
itrstгumental polarization behal,iour faiis to Ье de-
scribed bv rrsing п апd Ь derived in other рареrs, it
\\-aS attemptecl to find the r,alues of these раrаmеtеrs
to sittisfv best tlre lTliole co]lection of the measure-
rl,Icl]ts, Тhе sеаrсh ц,аs done Ьу, suitable selection оf
lt lalues irr the rапgе fгопi 0.05 to 3.0 and & values
frопl 1.0 to 30,0, assurning the рагапrеtеrs to Ье еquаl
fоr the t}rгее miггоrs. Irr so doing, those values wеrе
chosen that Set an uрреr limit оп the observed роIаr-
lzations. The values found are n = 1.00, fr:9.5 and
knorTn to Ье 1оп,еr than the values computed, using
tirose ones. The геflесtiоп coefficient with such n and
k. in ассоrdапсе lvith ехргеssiоп (10) is fi : 0.81,
lтhich ls геа1 enougtr fог оur case.

4. The liпеаr irrstrumental polarization
behaviour

_\s noted abol,e. the instгumerrtal polarization mеа-
suгеlпепts lr.еrе specialiy made in the UBVRI bands
of Johnson system. This made it possibie to assess
the iпstгumепtаl polaгization Ьеhачiоur with wave-
leiigtlr. Since the polaгization чаriеd with hоur angle,
and the mеаsuгеmепts wеrе made sequentiaily in all
the bands (Ьасkgrоuпd object), to derive such а
relationship. rTe had to геduсе the polarization mea-
sures Ь1- one hour angle corresponding to the middle
оf the пrеаsuriпg сl,сlе. Тhе cycle generally .was fоr
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Figure 7: Iпstrumепtаl polarizati,on as а fuпсt,iоп of
hоu,r апqlе fоr HD 21]923.
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Figure 9: Liпеаr polarizotion as а fuпсtiоп of шаче-
length for HD 212311,

6000 7000 8000 2.(,{)

Figurе l0: L,iпеаr ,iпstrumепtаl polari,zati,on as а Juпс-
tiоп oJ uачеlепgth fоr HD 21/|923 locatet], пеаr thc
е,quаtоr.

ization behaves in а diflerent mаппеr as соmраrесi
to the rеst of the spectral intervals: it begins to rise.
In Fig. 10 the instrumental polarization, derived fог
the star HD 214923 over 7 cycles, is shown agairrst
iмavelength. The crosses indicate individual values:
the сurче is drawn through the mеап values listed il
ТаЬlе 2, Fig. 11 shoп,s the instrumental polarizatior_
mеаsuгеmепt in meridian position of the telescope de-
pending on declination (in the U and V bands). The
straight iine sholvs а possible liпеаr rеgrеssiоп rvheI

describing these relationships, while the dashed сurlr.
is the theoretical relation computed rл,,ith found п апс
k.

Fig. 12a-d shows the theoretical relations betrveel.
the Stokes раrаmеtеrs Q,L|,V and polarization anc
hоur angle. The relations have been computed fоr dii-
ferent declinations u,ith а step of 15о in an interva.-
from 30о to 90". It wil] Ье recalled that ассоrdiп.
to the above-said they give the upper iцstrumertta_-
polarizal ion esl imal es.

Figuге 8: Iпstrumепtаl polarizat,ion аs а fuпсti,оп of
decli,nat,ion iп merid,ian fоr U апd V Ьапds.

about 20 30 rninutes, which makes 5 7 degrees in the
hоur angle mеаsurеs. Fig.9 displays the mеап сurче)
rvhere the polarization is shown as а function of rvave-

Iength fоr four cl,cles of measulements in HD 2|23|l.
Тhе crosses and Ьаrs, соrrеsропdiпg to the standard
еггог r,alues, indicate the polarization estimates, anrl
the mеап r,alues have been used to plot the reiation-
ship. The filtеrs used and the mеап polarization val-
uеs аrе listed iп Table 2.

As those data show, the linear polarization tends
to gгоri- rtith u,ar.,e}ength Ьу an ачеrа8е of 0,47% реr
each 1000 А; this, however, is characteristic of large
declinations. d > 50'. At srпаllеr declinations in the
гiolet rапgе. in the U band, the instrumentai polar-

ТаЬlе 2: ![еоsurеd polarizati,on of stаrs of diffеrепt
,lесliпоliоп ongles

HD212311 HD214923

L 3550 3.545 0.120 5.896 0.219
в -i650 .1.329 0.228 2.432 0.281
\ 5;00 _1.]36 0.527 2.374 0.155
R 6100 ].457 0.332 2.589 0.185
I 3100 5.690 0.167 3.670 0.106
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Figure 12: a-d. The thшrеtiслl aahrcs ot Q, U, md v
pirameters апd polari,zпtion os а tunrl;iot о| ilaliпo-
ti,оп апd, hou,r апglе.

5. Discussion

As it was stated Ьу Sечеrпу et al. (1974) tbe рагаmе
ters п and ,h determined Ьу diffегепt рюсеdrшеs апd

authors have quite а wide ralrge of ralues, rhich сап

ье explained Ьу the difference in stmchгe апd tbict-
.r"r. bf the aluminium coating of mirтоrs, шсtъоds
of its application a,rrd treatment, detcгiшati<n Tith
time, etc.

According to the tests conducted Ьу Вшга (1и6),

- ]]l_,i -80 -40 80 ll20 t

Figuге 12: с.

РOо

the геflесtiпg рrореrtiеs of mirrors change during the

fiгst feB- mопtЬ (deterioration), and after that they

rеmаiп practically unchanged fоr а very long time,

It Ь п,ell kпоrr,п frош physics (frоm metal optics, in

раrtiсulаr). the Teflection of electromagnetic wave is

difieTent at thin and thick meta] coatings, and, more-

о\-еr. at that plated viith а thin layer of dielectric,

In оur ca.se we have а rеflесtiоп frоm а thin flat-

раrаllеl alumiцium film, interposed between two di-

h".,rl" media. опе of whlсh (glass bulk of the mirrоr)
Ь infinite. the оthеr (protective Iауеr) is а thin flat-
parallel lаl-еr of dielectric. Nаmеlу, the aluminium re-

flecing сйtiдg is protected frош outside action Ьу

а tTatýptrent mаgпеsium fluorite (see telescope tech-

nical descгiption of the manufacturer "Zeiss"), Ас-
golding to Воrп алd IVolf (1964) any phase shift can

ье аttяiпеd in this case. AIl depends оп the thick-
пеýý. Structrшe, age алd other parameters of the lay-

егs iш-olr-ed iп reflection. That is, the correct compu-

tation of the phase sыft is very complicated because

юmе parameters of miтrоrs are unknown and one has

то Tely uроп diTect measurements. In this рареr we

рrеýепt quantitative study of the linear instrumen-
tal polarization versrrs the telescope position and in
dependence оп wavelength.
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