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parts and different ways of operation of polarization-interference filters. Such filters are
in these days used especially for solar observation in many different astronomically in-
teresting spectral lines. Spectrally various observations of the solar atmosphere allow
astronomers to study solar behavior and its physics. To deal with aims of the thesis it
was created dedicated MATLAB toolbox enabling detailed analysis of current birefrin-
gent filter issues and enabling later synthesis of novel type of birefringent filter tuning.
The theoretical results and own measurement of relevant material constants were applied
in a research and later development of an universal birefringent filter prototype that is

spectrally tunable.
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1 Introduction 1

1 Introduction

Optical systems compound of thin and thick anisotropic layers can be found in many
fields of current optical science. Among them belong thin film optics where interference
phenomenon is used to enhance system performance, non-linear optics where stacks of dif-
ferent anisotropic materials can express unusual performance, optical fiber optics where
specially designed fibers are produced, up to crystal optics where layered systems are
used to change the light properties [I]. And there could be surely named many other

applications.

A scope of this work, however, is focused on layered anisotropic systems that utilizes
interference-polarization phenomenon. The phenomenon is employed for construction of
narrow band birefringence filters. Its demanding production technique is balanced with
achieved extreme performance of spectral filtering. Filters with full width in a half maxi-

mum (FWHM) of an order of tens of pikometers can be easily achieved.

A pioneer in this field of optics was in 1920s and 1930s French astronomer Bernard
Lyot who designed a filter concept that is compounded of birefringent plates where each
next plate has a double thickness of previous one and individual plates are separated
by polarizers [2]. Independently on Lyot work, Swedish astronomer Yngve Ohman de-
signed the same filter conception in 1938 [3]. In 1950s the completely new conception
was developed in Czechoslovakia by Ivan Solc that apart from Lyot-Ohman filter employs
birefringent plates of same thickness and does not separate them by polarizers [4], 5]. In
the field of birefringent filters worked in that time also American astronomer John W.
Evans [0]. Usage of birefringent filter into the close UV spectral region was applied by
Swedish astronomer Kerstin Fredga [7]. Recently, theory and production of birefringent
filter is realized on several places. In Russia at Institute of Solar Physics there is a group
of V.I. Skomorovski [§], [9]. Utrecht University in Netherland is running a solar telescope
DOT (Dutch Open Telescope) which employs birefringent filter for observation [10]. Big
Bear Solar Observatory in USA also employs birefringent filters for their research [11],
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[12]. Birefringent filters are used also for space solar missions as for instance in Hinode

project[13].

In the Czech Republic the problem of birefringent filters is studied since an invention
of the new concept by Solc. Tt is group of TOPTEC research center where also Ivan Solc
has up to 1990’s worked in and where he is even recently giving lecture talks concerning

crystal optics.

1.1 Formulation of an issue

The scope of this work is focused on birefringent filters of Solc type because they
express advantage of higher throughput and simpler production comparing to other bire-
fringent filters. During my Ph.D. studies I took a great advantage of training position
in TOPTEC research centre, where crystal optics is both studied and produced already
from its foundation in 1960s. I was enabled to participate on design, production and
troubleshooting of several birefringent filters in cooperation with TOPTEC team and

also with its inventor Ivan Solc.

Another great advantage was a six months trainee position at Solar Group of Utrecht
University who runs a solar telescope DOT (Dutch Open Telescope; see figure at
Gran Canaria Islands and another six months trainee position at Solar Institute of Royal
Swedish Academy in Stockholm who runs solar telescope SST (Swedish Solar Telescope)
also at Gran Canaria Islands. During both trainees I have been contributing to work of
professional solar astronomers. I involved in solar data processing, telescopes operation

and most important discussed astronomical needs as regards solar filters.

Nowadays, birefringent filters are mostly used in astronomy for solar observation in
many spectral lines of different chemical elements. Among most important lines we can
find for instance hydrogen spectral line Ha (656.28 nm or 6562.8 A as solar physicists
exclusively use). A spectral width of these lines determines the performance of the filter

that is used for an observation. Ha line width is approx. 1 A | therefore filters with FWHM
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of at least 1 A need to be used. Such filters belong to the class of high performance
filters and they are challenging both to design and to manufacture. A designer needs
to have precise material characteristics and a knowledge of manufacture processes to be
able to construct a desired filter. A manufacturer needs to employ very precise and
time-consuming techniques to keep produced filter parts under required tolerances; also
a high grade material is necessary which is usually hard or expensive to obtain. It is very
important especially for the designer to get a feedback both from the manufacturer who
produces the filter and from astronomers who employ the filter for their observations.

Objectives of the thesis deal with design and manufacturing procedures.

1.2 Objective of the thesis

To be able to provide a proper analysis and an advanced synthesis that could provide
novel possibilities of birefringent filters (BF) usage the thesis consists of the following

objectives:
1. Programming of MATLAB BF toolbox

2. BF manufacturing tolerance simulations

w

. Crystalline SiO, dispersion characterization including temperature dependency

4. Novel design of oblique cut BF and its testing

(@34

. Prototype of BF

The first objective of the thesis is to employ one of possible mathematical description
of birefringent filters and to create a programmed environment that would be suitable
enough to illustrate spectral characteristics of the filter with respect to the way the filters
are designed. For the program codes I have chosen MATLAB environment. Series of indi-

vidual functions, procedures and routine files I have summarized into so called “MATLAB

BF toolbox”.
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The second objective of the thesis is to employ MATLAB BF toolbox and to analyze
an influence of design tolerances on a performance of Solc birefringent filters. Tolerances
of individual filter characteristics and as well as their mutual interactions are analyzed.
I also discuss a possible re-distribution of filter individual parts in order to minimize the

influence of production tolerances on the filter performance.

The third objective concerns a determination of crystalline quartz material characteris-
tics which precise knowledge is essential for high performance filters. Those are dispersion

characteristics and their dependency on temperature.

The fourth objective employs the preprogrammed BF toolbox and using of its analytic

capabilities to design a novel and fast ways of Solc BF tuning.

The fifth objective of the thesis is to employ so far familiar and in this thesis newly
proposed theoretical and practical knowledge to design and manufacture a prototype of
tunable high performance BF of Solc type that would be useful for astronomical obser-
vations in interesting spectral lines. As a part of the system, an optical design of solar

chromospheric telescope is provided.

1.3 Structure of the thesis

A structure of the work satisfies a recommended structure of Ph.D. thesis and can be

divided as follows:
e objectives of the Ph.D. thesis

characterization of an issue current state with references on scientific literature

methods of thesis solution

solving of thesis objectives

results of the thesis and new knowledge
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e specific conclusions for a usage of thesis results in a practice
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2 Characterization of the current state of an issue

2.1 Description of electromagnetic field

Behavior of electromagnetic field in a space without current and charge sources can

be described using Maxwell equations [1] as

rot€ + %—f =0, (2.1)
divB = 0, (2.2)
oD
e 2.
rotH Y 0, (2.3)
divD = 0. (2.4)

In this set of equations vector £(r,t) is called an electric field vector and is a function
of space coordinates r = (z,y, z) and time t. Vector H(r,t) (also a function of space
and time coordinates) describes a magnetic part of the field and therefore it is called the

magnetic field vector.

Taking into account an influence of a matter on a propagation of an electromagnetic
field it is necessary to establish another two field vectors - vector of electric induction
D(r,t) and vector of magnetic induction B(r,¢). Relation between fields £ and D is
dependent on the electrical nature of the matter whereas relation between fields H and B
depends on the magnetic nature of the matter. These kinds of relations are described by

following equations

D = 608 —|— P, (25)
B = poH + M, (2.6)

where € is a permittivity of vacuum, pg is a permeability of vacuum, P is a polarization

density and M is a magnetization.

In the following we concentrate on a dielectric matter where the polarization density
is a sum of electrical dipole moments inducted by an electric field. In the classical optics

we usually introduce several assumptions about the dielectric matter:
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e Linearity of the matter - the polarization density is linearly proportional to the

intensity of the electrical field.

e Non-dispersive matter - a response of the matter to the change of the field is imme-

diate.

e Homogeneity of the matter - a relation between the polarization density and the

intensity of electric field does not rely on a position of the space vector r.
e Non-magnetic matter - the magnetization M = 0.

As a consequence of the non-magnetic matter restriction the equation turns into
B = poH. (2.7)
The polarization density and the electric field vector can be expressed as
P = eox€, (2.8)
where x is an electrical susceptibility. Putting the equation into [2.5| results in
D = €€, (2.9)
where € is a permittivity defined as
e =eo(1+x). (2.10)

If we consider an isotropic matter, € is a scalar and vectors P and £ are in any
time at any place directly proportional to each other. However, in this work we will
deal with an anisotropic matter where the permittivity is no more a scalar value. It is
generally characterized by a 3 x 3 matrix, it means by tenzor with 9 (generally complex)
components. However, a character of a matter growing into a crystalline lattice signs
a certain symmetry, meaning that some of the permittivity matrix elements have to be
equal. In addition to that we can always choose such a coordinate system with respect

to the crystalline matter that the permittivity tenzor can be diagonalized. Such the
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diagonalization enable us to rewrite relation between D and &£ for anisotropic materials
as

D1 = €1E17 D2 == 62E2, D3 == €3E3. (211)

Axes 1,2 and 3 of selected coordinate system are called main axes of a crystal and

m= L ny= 2 p= )2 (2.12)
€0 €0 €0

are called main refractive indexes of a crystal.

quantities

Using this notation we recognize two kinds of anisotropic crystals: uniaxial and bi-
axial. Biaxial crystals have all three values of main refractive indexes different, whereas
uniaxial crystals have two main refractive indexes the same (we called them an ordinary
refractive index n,) and only the third one differs (it is an extraordinary refractive in-
dex n,). A direction of this axis is identical with the optical axis of the crystal. When

ne > N, Uniaxial crystals are called positive, whereas negative crystals experience n, < n,.

In the following text we will focus on uniaxial crystals because they are most widely

used in crystal optics.

2.2 Definition of used quantities

Here we define several quantities that will be later used for calculations.

2.2.1 Path and phase retardance

A path retardance is defined as
A =d|ne — nl, (2.13)

where d is a crystal thickness. As there can be seen from the definition a ray entering
a uniaxial birefringent material can be split into two modes usually called ordinary and

extraordinary ray. Each experiences corresponding refractive index n., resp. n,. A
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product of path retardance and wave number k = 27“ gives a phase retardance
2
I = Tﬂdme — | (2.14)

which describes a difference between two mode’s phases.

2.2.2 Birefringence and the crystal orientation

A difference between extraordinary and ordinary refractive indexes defines a birefrin-

gence of a crystal

D = n, — n,. (2.15)

A magnitude of the birefringence D depends on directions the extraordinary and
ordinary rays traveling through a crystal. The maximal birefringence occurs when rays
travel through the crystal in the direction that is perpendicular to an optical axis (¢» = 0°).
Minimal when traveling parallel with the optical axis () = 90°). The reason for this fact is
that the extraordinary refractive index depends on the angle v of a ray traveling through

the crystal. The dependency is as follows:

(nezw))Z B (Si;low)z + (Ciwf- (2.16)

Birefringence of the oblique cut crystal can be then expressed as

Dy = 1e()) — Ny = Dipax cos? 1. (2.17)

2.2.3 Azimuth of a birefringent plate

On every birefringent plate we can determine two basic orthogonal directions that
correspond with ordinary and extraordinary refractive indexes. These are called principal
directions. The direction of higher refractive index is called the slow axis, whereas the
direction of lower refractive index is called the fast axis. A reason for that is derived from

an equation for the speed of light in the matter, v = ¢/n, where ¢ is the speed of light in
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vacuum and n is a refractive index of the matter.

If a linearly polarized light beam perpendicularly incidents these principal directions,
it is split in two vectors and travels through the crystal as two independent rays linearly
polarized in the directions of principal directions. Passing the plate both vectors are su-
perimposed together with different phases. Depending on the phase retardance a linearly,

circularly or elliptically polarized beam is created.

Consider a birefringent plate placed between two crossed linear polarizers in such a
way that one of the principal direction holds an angle p = 45° with the direction of linearly
polarized light coming from the first polarizer. This angle p is called an azimuthal angle
(see figure . The second polarizer enables the interference of both fast and slow beams

so that the output intensity I varies with the phase retardance as
r
I = Iysin? o1 (2.18)
where [ is the input intensity.

o . 5\

axis axis

| | EI - ;

birefringent
plate

ATTTT
\""‘-i--’/

e -~
polarizer

Figure 2.1: Two crossed polarizers with a birefringent plate at 45° azimuth angle.

It can be seen from this equation that a maximum transmission occurs for

['=(2¢ — 1), (2.19)
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where ¢ = 1,2, 3,.... Combining equations and we get an expression
d-D=K"-\ (2.20)

where K = 0.5,1.5,2.5,.... This equation expresses the plate thickness d of a material
with the birefringence D and the plate order K be in order to transmit the wavelength

A. This equation is the basic one for a design of birefringent filters.

A similar equation can be achieved for a situation when polarizers are in a parallel
order. Then for the phase retardance there is a condition I' = 2¢g7w and the plate order

K =1,2,3,.... The situation is complementary to the previous one.

2.2.4 Unit thickness

A unit thickness M is defined as

M = o (2.21)

From a physical point of view it expresses the thickness of a birefringent plate (a cut of a
maximal birefringence - an optical axis is parallel with the cut) when the path retardance

of ordinary and extraordinary waves is just A or the phase retardance is just 2.

2.3 Birefringent narrow band filters of Solc type

This type of a birefringent filter (BF) was invented in 1950’s by Dr. Ivan Solc in
Czechoslovakia and was first described in publications [4] and [5]. Detailed description

was done in [14] and in [15].

2.3.1 Principle of birefringent filters of Solc type

A basic principle of birefringent narrow-band filters comes from an interference of a
polarized light that is described by one of four Fresnel-Arago law [16]: “Two rays, linearly
polarized with a perpendicular polarization, if derived from the same linearly polarized

ray and subsequently brought into the same plane, can interfere.”
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This law determines a structure of the filter itself. The filter consists of entrance and
exit polarizers and birefringent retardance plates that are placed between these polariz-
ers (see figure . An unpolarized beam of light travels through the entrance polarizer
that makes the beam polarized. After that the beam travels through birefringent plates
where it is phase shifted with respect to the azimuth orientation of the plate and with
respect to the proper refractive index. It can be imagined as that one plate divides the
beam into two beams - fast and slow - where both beams experience its own refractive
index of the uniaxial crystal (n, and n,). Because the next plate is azimuthally shifted
with respect to the previous plate each beam is again divided into two new beams. We
have now four beams that are phase shifted with respect to each other. After traveling
through N birefringent plates there is 2%V phase shifted beams. To enable an interference
of all these beams they need to be, according to Fresnel-Arago law, brought into the same

plane. That is assured by the exit polarizer which all beams travel through.

=

polarizer

HD retardation
plate

polarizer

Figure 2.2: Typical structure of a birefringent narrow band filter of Solc type.

To achieve a maximal transmission Solc [I7, 18] proposed a requirement for plate

azimuths
o] = 45°
PI= N

(2.22)

where N is a number of plates within a filter. A typical spectral profile of such a filter
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can be seen on figure [2.3]

0.9
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Figure 2.3: Typical relative transmission profile of a 26 plates birefringent narrow band filter of Sole

type. The thickness of one plate is 11.4000 mm.

2.3.2 Filter transmission

Spectral transmission characteristics of Solc filter depend on four basic properties:

e thickness of plates in

a filter

e number of plates within a filter

e birefringence of used material for filter plates

e azimuth distribution of plates

Varying these four properties we can control a full width in a half of a maximum (FWHM)

of transmitted peaks, a free spectral range (FSR) of the filter, the magnitude of side

transmission peaks and of course a spectral position of transmitted peaks.
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Spectral position of transmitted peak

To design a filter for a desired wavelength X it is convenient to use a combination of

equations and in a form
d=K-M\T), (2.23)

where d stands for the plate thickness, order of the plate K = 0.5,1.5,2.5,... and M (X, T')
is a unit thickness for considered material. It is necessary to have in a mind that the unit
thickness M is a function of the wavelength A but also of the temperature 7. A filter
is usually designed for a higher working temperature (usually about 35°C - 40°C) to
prevent its heating from the Sun. Therefore it is necessary to know the function M (A, T)
to manufacture the right thickness of the plate. Solc published a dispersion formula for a

crystalline quartz for 22°C valid in a spectral region between 0.18 ym — 4 pm [19]

5.85
M)\+A)\’2200 =119.27\ +5 10g<>\ - 015) + 0.5)\4'5 + m —7.59 [,um], (224)

where

Alsio, = —A - 107°[5.5log(\ — 0.12) + 12.3] - (T — 22) (2.25)

is a wavelength increment we need to consider when the filter is produced for different

temperatures then 22 °C.

Solc birefringent filter can be also designed to transmit more than one desired wave-
length at once time (for instance Ho - 6563 A and Hel line - 10830 A) [8, 20]. To do
this we use the equation Solc birefringent filter is based on plates having the same
thickness. The plate of the thickness d has to transmit both wavelengths A; and Ay, so
that

d=Ky-M(\,T)=Ky - M(X, T). (2.26)

Choosing the order Ky we can calculate the value of K, as

M()‘lvT)

Ky = K, —b =/
2 "M(X\, T)

(2.27)
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From the equation we see that the plate order K needs to be a half of integer num-
ber. Therefore we are looking for such a number K that fulfills this condition or is very
close to it. Then the condition is satisfied and the plate of thickness d transmits both

wavelengths A\; and As.

Figures shows the transmission spectrum for Solc BF compound of 26 plates of
11.2644 mm thickness designed for 40 °C working temperature at solar spectral lines Call

and Hel.

-
-

08F e Ape 08F
= : z
= £
S 06 S 060
E E
2 2
E 04 E 04
[] [3]
—_ b H
0.2+ —filter : 02F f i ——filter
— Call Solar spectrum : : —Hel Solar spectrum
0 i H 0 H i \_/‘\ _—l
8530 85635 8540 8545 8550 1.082 1.0825 1.083 1.0835 1.084
wavelength [A] wavelength [A] x 10"

Figure 2.4: Transmission spectrum for Solc BF compounded of 26 plates of 11.2644 mm thickness

designed for 40 °C working temperature at solar spectral lines Call and Hel.

When deciding on the final plate thickness d it is necessary to be aware also of other
things as the possibility to produce the plate (must not be too thin or too thick) or free
spectral range of the final filter.

Free Spectral Range

Free spectral range (FSR) is directly determined by a thickness of plates d (if a certain

material with a birefringence D is considered) used within a filter through the equation
2

d-D

A 0D\

The dependency for a crystalline quartz is shown at figure [2.5

FSR = - g, (2.28)

where ¢ is defined as
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Full width at half maximum

A full width at a half maximum (FWHM) of a filter is determined by a filter optical
thickness. If changed (change of a number of plates N, a plate thickness d or a material
birefringence D) one can control FWHM of the filter. This is described as

2

FWHM =090+ —— - 2.30
N . d . D g7 ( )
and expressed at figure
SiO2 filtter @ 6563 A
. 80 w w : T
SIC)2 filter @ 3934 A H line - 6563 A
—H_ line - 6563 A - = Cayfline - 3934 A
350} : o ] 60/ A ; :
—-—--CaHKIine-3934A

300 e . =z 50
250} = 40+
< =
o 200 L 30
i

1501 20-

1001 10

| 0 i I I i i
50 : ; - 0 10 20 30 40 50
0 i ; ; ; filtter thickness [mm]
0 2 4 6 8 10

plate thickness [mm]
Figure 2.6: Full width in a half maximum of

Figure 2.5: Free spectral range of a filter can be transmitted peak can be controlled by overall thick-
controlled by a thickness of plates within a filter. ness of a filter. One can alter both a thickness of

filter plates or a number of plates within a filter.

Magnitude of side peaks

An important characteristic of birefringent narrow band filters is a magnitude of side
peaks. A structure of Solc BF allows controlling this characteristic by changing of a plate

azimuth distribution within the filter.

Solc recognizes two basic modifications of filters with respect to the azimuth distri-

bution. A folded filter and a fan filter [I7] (see figure [2.7)). The folded filter has crossed
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polarizers and the azimuth distribution is

Pr=p1=ps= ... =pN=—P, (2.31)

where N is a number of plates and p; is a plate azimuth. The folded filter has parallel

polarizers and the azimuth distribution as follows

pr=p, p2=3p, p3=5p, ...,ps=(2¢—1)p. (2.32)

An intensity of the first side peaks rise over 10 % of the main peak by both basic fan
and basic folded BF which is unsatisfactory for many applications. Solc has shown in
[17] and [21] that by using a certain type of the azimuth re-distribution it is possible to
achieve a complete attenuation of side peaks in an expense of a main peak widening. In
a practise, however, this is not always necessary and a balance between certain values of

side peaks amplitutes and the main peak widening is used.

= (D ) E

polarizer polarizer

Figure 2.7: Fan and folded type of Solc birefringent filter.

For further analysis we focus on the folded filter because of its wide usage caused by
an easier production technique. However, all concluded results are valid also for the fan
filter. In the folded filter the each following azimuth will still change its sign as expressed
in equations but the absolute values of azimuths p; will no more be a constant as in
the basic design but will follow a chosen function. For the maximal transmission of the

filter a generalized version of equation [2.22| comes in true

N
> lpil =45, (2.33)
=1
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Figure 2.8: Relative filter transmission for different azimuth distributions. A) basic distribution, B)
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Table 2: Characteristics of Solc BF when applying different azimuth distributions. The calculated filter
is compound of 26 crystalline quartz plates of 11.4000 mm thickness each, tuned for Ha line at 6562.8 A.
The main peak FWHM of the filter with basic azimuth distribution is taken as 100 % (1.19 A) - with

respect to that the rest of comparisons are made. Intensities of side peaks are expressed in % of the main

peak.
azimuth FWHM intensity of
distribution of main maximum | first side maximum
(%] [% of main maximum]
basic distr. 100 11.4
sinus distr. 143 1.8
triangular distr. 155 0.5
Gauss distr. 260 0.0

together with a requirement to be a symmetrical distribution so that

P1 = PN, P2 = PN-1, P3 = PN-2, ---- (2.34)

The figure shows the filter transmission for different azimuth distribution func-
tions. Case A) represents the basic distribution described by equation [2.31} B) describes
a sinus azimuth distribution; C) shows a triangular azimuth distribution and D) stands

for Gauss azimuth distribution. Numerical values of transmission profiles showed at figure

are expressed in table [2]

Results from these figures and the table [2| show that suppressing side peaks by the
gauss azimuth distribution leads approximately to 2.5x widening of the main peak. Be-
cause in a practise it is not necessary to beat the side maxima completely, we can look
for a compromise solution when these side maxima are suppressed to tolerable values and

simultaneously the width of a main peak is kept minimal.

That can be achieved when the azimuth distribution function slope is less steep in a
sense of the figure 2.9| Firstly, a basic azimuth is set as

45

o= P (2.35)
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where a factor p is set from 0.6 to 0.8 [14]. The smaller factor p the smaller values of
the side peaks but the FWHM of the main peak stays wide. The higher factor p makes
FWHM of the main peak thinner whereas side peaks stays almost unsuppressed. For
p = 1 we get back to the basic azimuth distribution. The plate azimuth consists of the
base azimuth angle p’ and an angle «; that is used for the azimuth variation. It can be

expressed as
N N
ool = PIN+D Jal, (2.36)
i=1 i=1

where 3"V |a;| is dedicated for the variation of azimuths. However, it is still necessary to
keep the sum of absolute azimuth values equal to 45° and the sign of each next azimuth

keep swapping a positive and negative value.

azimuth distribution
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Figure 2.9: Gauss azimuth distribution - original and less steep one.

Figure [2.10] shows an influence of the azimuth distribution slope on transmission peak
profiles. Blue lines represent normal azimuth distribution whereas red lines express az-
imuths variation with factor p = 0.64. The numerical values are summarized in table [3]
The factor p allowed us to achieve such a BF transmission when side peaks are sufficiently
suppressed and main peaks FWHM change within a 126 % range at the same time. Solc
very often used the triangular azimuth distribution with the factor p ~ 0.65 when FWHM

of the main peak is only 1.1x wider than by the basic distribution without any factor
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Table 3: Characteristics of Solc BF for the modified azimuth distribution (p = 0.644). The calculated
filter is compound of 26 crystalline quartz plates of 11.4000 mm thickness each, tuned for Ha line at
6562.8 A. The main peak FWHM of the filter with the basic azimuth distribution is taken as 100 %
(1.19 A) - with respect to that the rest of comparisons are made. Intensities of side peaks are expressed

in % of the main peak.

azimuth FWHM intensity of
distribution of main maximum | first side maximum
(%] [% of main maximum]
basic distr. 100 11.4
sinus distr. 112 4.7
triangular distr. 114 2.9
Gauss distr. 126 4.7

p and the value of side maxima reaches 2.9 % what is satisfactory for most applications

4.

2.3.3 Tuning of Solc birefringent filter

Fast and precise tuning of filters is becoming very important these days. Solar physi-
cists use it to get information on dynamics of solar flares mass that travel in different
directions with certain velocities for instance. This information is projected into observed

spectral characteristics as wavelength shifts.

There are several possibilities how to control spectral position of transmitted peaks.
Some of them are used also for final correction when the filter is calibrated because of
their stability (temperature tuning) whereas others are used for fast re-tuning of BF (in-

clination of BF or oblique cut filters).

A chosen way of tuning affects a filter design and the way it is produced. Some of
tuning strategies make the filter very complex and easy to tune whereas others enable an

easy production of the filter but low tuning capabilities.
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Figure 2.10: Relative filter transmission for different azimuth distributions. Blue lines represent original

azimuth distributions whereas red lines show modified ones.
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crystal | C [1/°C] crystal thermal conductivity []
quartz | —1.05-107* quartz | al| =9.5,al =6.10 @ 300 K
calcite | —0.06 - 107 calcite | a|| = 5.526,al =4.646 @ 273 K

Table 4: Coefficients of birefringent tempera- Table 5: Thermal conductivity for selected bire-

ture dependency characteristics. fringent materials.

Temperature tuning

The ability of the filter temperature tuning is driven by a dependency of a birefringence
on a temperature. The characteristics of the filter spectral tuning can be approximately

expressed as

AN =C - \-AT, (2.37)

where A\ stands for a shift of filter transmitted wavelength A caused by a temperature
change AT'. Table {4 shows coefficients C' for two most often used materials BF are made
of.

The change of 1 °C of quartz filter at Ho line (6562.8 A) leads to approx. 0.7 A
spectral shift. Having a fine performance filter it is necessary to have it placed in a ther-

mostated cavity in order to keep the filter spectrally stabilized.

A thermal conductivity of used materials (see table determines a speed of the
spectral tuning. Usual re-tuning times for a typical BF from one spectral line to another
is in a range of tenths of minutes. Such times are not suitable for observation of fast
events. However, this type of tuning can be used for long time observations when fast

tuning is not necessary.

Inclination tuning

Another type of BF tuning employs an ellipsoidal shape of optical indicatrix of uniax-
ial crystals. Filter plates are usually cut from a crystal in a way that an optical axis lies

in a plane of the plate. This cut of plates assures a maximal birefringence D.
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For simplicity we consider one plate. When a beam of light incidents the inclined
plate a path retardance is changed depending on a direction of the inclination. There are
two main directions of the inclination. In the first one the light beam incidents the plate
under an angle ¢ in a plane determined by a plate normal and a main direction that is
perpendicular to the crystal optical axis z (see figure . The birefringence does not
vary with a change of the incident angle ¢. The path retardance is changed via the plate
thickness and can be expressed as

1 n

A =Ddy,y=Dd ——=Dd ———. 2.38
(p,L) () cos(1) W2 — sinZ ( )

Ne+nNo

where n stands for 5

for small angles of inclinations.

In the second direction of the inclination the light beam is inclined from the plate’s
normal in a plane that is determined by the plate’s normal and the crystal optical axis z

(see figure [2.12)). This time both the birefringence D and the plate thickness d vary with

© as
D) = D cos® 1), (2.39)
d
dip) = . 2.40
() cos(1h) ( )

The path retardance can be expressed as

2 _ in2
:Dd\/n smgo.

Ay = Diy) dip) = D d cos(¢) -

(2.41)

The dependency of tuning A/\g on the inclination angle ¢ defined by equations and
2.41] is expressed by figure [2.13]

Special way of tuning

There are also another way of tuning birefringent filters. One of them is electro-optical
tuning that employs electro-optical activity of several crystals to change its birefringence.
Or there can be used liquid crystals that change orientation of their optical axis by
applying electrical field. Change of birefringence can be achieved also by magneto-optics.
Even thought all these type of tuning are possible they are out of this thesis scope.

Detailed description of the physical tuning principles can be found for example in [22].
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Figure 2.11: Direction of an incident ray is de- _ o o )
Figure 2.12: Direction of an incident ray is de-
viated by an angle ¢ in a plane determined by ] ) )
viated by an angle ¢ in a plane determined by
a plate normal and crystal main direction lying ) )
a plate normal and the crystal optical axis. The
perpendicular to the crystal optical axis. The o o )
birefringence D is in this case dependent on the
birefringence D is not dependent on the incident o
incident angle ¢.
angle ¢.
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Figure 2.13: Inclination tuning dependency of a filter.

2.3.4 Field of view of Solc birefringent filter

Another important characteristic of BF is a field of view or an acceptance angle at
which it collects light of a tolerable wavelength region. BF exhibits a very broad field
of view (in contrast to e.g. Fabry-Perot filters) what makes them perfect for spectrally
discrete observation of angularly wide object as for an instance the Sun is. Moreover the

field of view can be even more expanded by a certain combination of crystalline plates.
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A shape of the spectrally discrete field of view of the BF is driven by an ellipsoidal
shape of optical indicatrix of used material. We have already mentioned that in the
section describing the inclination way of BF tuning. In a BF plate there are two
main directions with respect to the maximal change of the plate retardance. They are
expressed by equations [2.38 and [2.41] From these equations we can express the change

of the wavelength with the angle of the beam with respect to the optical axis as

A= Ny e, (2.42)

n? — sin”

\/n? — sin?
Al = Ao %. (2.43)

Graphically it can be presented with the same figure as [2.13] Figure 2.14] shows a 2D
transmission profile of a BF designed for Ha line (6562.8 A) with 1 A FWHM that ob-
serves 1° object of interest - e.g. Sun with its corona. We can see that directions parallel
with an optical axis transmits shorter wavelength whereas directions perpendicular to the

optical axis transmits longer wavelengths.

Wavelength transmission vs. field of view

0.5
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6562.82
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field of view [°]

field of view [°]

Figure 2.14: Field of view vs. wavelength transmission of BF designed for Ha line (6562.8 A) with 1 A
FWHM that observes 1° object of interest.

If there is a need of a wider field of view there are possibilities how to achieve that with

a combination of birefringent plates. The first way is to combine positive and negative
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crystal plates (e.g. ADP and quartz). When combining such two plates we need to set
them in a way that their path retardance is added. That occurs when their optical axes
lie perpendicularly to each other (see figure . From this figure we can also see that
by an inclination of this set of plates the multiple d - D is increasing in one plate while in
the other one it is decreasing. To beat the dependency on the incident angle ¢ the sum of
plates path retardance need to be equal to the sum of path retardance for perpendicular

incident
2

Y —dy Dy+dy Dy, (2.44)

2 .
ny ngz — sin
= — +dy Dy

ny —sin” @ 2

dv Dy

where index numbering 1 and 2 express positive and negative birefringent material. It is

d1 Dy

J-pr that will define the ratio of negative and positive
2172

convenient to define a ratio P =

crystal plate thickness. From the previous equation we got

2 a2
e G VRTIRY _pog (2.45)

/12 2
ny —sin” @ U

where the P can be extracted from as

P

b (o RIS T =i o)
na(ny — /n? — sin? p))

Making an assumption of small angle ¢ we can write

2 _ in2
_ 2nj —sin“gp

P 2.47
When we neglect sin? ¢ against 2n? we got
2
p="1 (2.48)
Ny
or
dl TL% DQ
e 2.49
d2 TL% Dl ( )

what actually is the seeking ratio. By applying of this technique we can achieve about 20 x
wider field of view [23]. The basic formula for a calculation of the filter plate thickness
2.20 reaches a form

dy-Dy+dy-Dy =K -\ (2.50)

Another possibility how to wider a field of view is to combine the same crystal plates.

Each crystal plate is divided into two halves. Their optical axes are perpendicular to each
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Figure 2.15: Additive set of positive and negative birefringent crystal plates.

other and there is placed another additional \/2 waveplate with 45°. This setting of plates
is the same from the optical point of view as the positive-negative crystal combination.
The \/2 waveplate takes care about the additive setting of both half plates (see figure
2.16|).

The basic formula for a calculation of the filter plate thickness then reaches a
form

2.d-D=K-\ (2.51)

By applying this method where we realized the independency of BF on the incident
beam angle ¢ we eliminate the inclination tuning possibility so that the tuning needs to

be achieved by another techniques described in the section [2.3.3]

There is also possibility to use another types of materials those allow wider “monochro-

matic” field of view. The fractional wavelength shift as a function of an angle away from
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Figure 2.16: Set of two halves of a birefringent plate with \/2 waveplate that provides an additive

setting.

the filter normal ¢ can be expressed to the second order [24] as

AN 1 (D
A 4n?

—) sin®(p) = F - sin®(¢p). (2.52)

ne
Taking a detailed look at the given formula we can see that materials with a high refrac-

tive index and a low birefringence (F value) give a better angular performance. Table |§|

summarize currently available birefringent materials and its F' values.

There are also another ways how to enlarge the field of view of BFs but their are
rare in use. One of them applies a change of a surface shape of a birefringent plate. To

determine the shape of the surface the equations [2.38| and [2.41] need to be taken into

account. The final solution leads to a saddle surface shape. Another technique employs a
temperature gradient when plates are cooled in a direction of one main direction whereas

heated in the other main direction. More can be read in [15] or [14].
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2.3.5 Barrier filters

A typical spectral characteristic of Solc type BF is a channel spectrum (see figure .
Observing of interesting phenomenons, however, occurs only on one discrete wavelength.
From this reason it is necessary to provide a shielding of transmitted neighbor maxima
of the desired wavelength by another optical element. It is suitable to use another BF
of Solc type with a different plate thickness. This so called “barrier element” shields out
a certain number of neighbor transmitted peaks as showed on figure [2.18] where each
filter has a slightly different plate thickness d. The rest of transmitted wavelengths can
be easily blocked by wide interference filters or by colored glasses. A detailed method of
designing such a barrier filter can be found in [25] or [15].

L

Figure 2.17: A typical channel spectrum of Solc type BF.
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Figure 2.18: A barrier filter of the plate thickness da blocks neighbor peaks of the main filter of the

plate thickness d;. As a result only one designed wavelength in a broad spectral range is transmitted.
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Table 6: Table of birefringent materials and their characteristics.

crystal D@QHa n.QHa n,QHao diameter absolute length of 1A
[mm]  value of F'filter@Ha [mm)]
TiOs (rutile) 0.282 2.865 2.583 25 3.88E-03 14
YVO, 0.2225 2.2154  1.9929 38 6.32E-03 17
CaCOj (calcite) -0.1705  1.4852  1.6557 40

PbMoO, -0.124 2.262 2.386 60 2.38E-03 31
a-BBO -0.1194  1.5555  1.6749 50 6.79E-03 32
TeO, (paratellurite) || -0.118 2.142 2.26 50 3.11E-03 25
LiNbO3 -0.083 2.203 2.286 100 1.81E-03 46
ADP -0.04468 1.47727 1.52195 3.21E-03 87
KDP -0.04052 1.46685 1.50737 3.02E-03 94
MgF, 0.0121 1.3957  1.3836 120 1.12E-03 322
SiOs (quartz) 0.0091 1.5518  1.5427 100 6.13E-04 419
AlyO3 (sapphire) -0.00815 1.76355  1.7717 3.66E-04 473

2.3.6 Materials for birefringent filters

On a market there are several birefringent materials that can be used for a BF produc-
tion. The materials have different physical and economical properties which everybody
needs to balance with respect to a specific application. Materials and their properties rele-
vant for BF are stated in the tableldl All values are referred to solar Ha line - 6563 A. The
“diameter” column expresses the maximal available diameter the crystal can be obtained,
however, it is important to notice that quality of crystals is needed to be on a highest
level for BF application - especially for high birefringence and big diameter crystals -
which is not easy to satisfy. These data were obtained by extensive internet and crystal
company research. Last column expresses what should be the approximative total length

of the filter to reach certain FWHM at Ha line - it is used basic azimuthal distribution

(see section [2.3.2)).
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2.4 Tolerances of Solc type BF

BF are usually compound of 10 to 30 birefringent plates. Because of production and

measurement methods there can be achieved only certain values of precision of different

plate’s features. FEach plate is then actually introducing an error into an ideally designed

system. The key features that affects the filter performance with higher or smaller impact

are as follows:
e plate thickness

e plate azimuth orientation

e orientation of the plate with respect to a crystal lattice

e temperature

In the following we discuss each feature influence in a closer detail.

2.4.1 Thickness tolerances
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Figure 2.19: Amorphous Beilby
layers arise on the crystal during the

polishing process.

The plate thickness plays a most important role in
designing BF (see equation , therefore all thickness
deviations from designed values will result in a decrease
of BF performance - the transmitted peak can be widen,
spectrally shifted, deformed or secondary maxima can

arise.

Especially, during the process of grinding and poli-
shing of crystalline materials a thin layers showing no
birefringence arise on both sides of the plate. These
layers, called Beilby layers, therefore should be involved

in BF design formulae as

d=K-M(\t)+ 2B, (2.53)
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where B stands for the thickness of Beilby layer. Theory of these layers is very complex
and it worths for its own publication. It shows for example that between amorphous
surface of and crystalline base there are transition layers where the bottom ones express
a residual amount of birefringence. However, we focus here on technologically important
values. For a most advantageous birefringent cut of quartz that is perpendicular to the
mechanical axis of Y crystal (direction parallel with basic prism plane) it was determined

[14] that a thickness of Beilby layer is
B =0.12 ym — 0.30 um

when polishing technology using optical pitch and FeO, is used. For calcite (using the

same production technique) the Beilby layer was determined as
B =0.15 pm — 1.00 pm.

These effective values comes from an extended research of many series of samples using
optical and X-ray methods [19]. These values are averaged, however, for most application

are satisfactory.

An effect of different plate thicknesses can be usually canceled out during a production
process when BF plates are made. Because Solc type filter has all plates of the same
thickness they can be processed (and very often are) on one baseplate. This assures that
all plates have the same thickness. However, Beilby layer can vary by each of plate.

Therefore the precision is within 0.3 ym for quartz and 1 um for calcite.

2.4.2 Azimuth tolerances

Another important quantity that drives mainly the size of side peaks amplitudes of

the transmission characteristic is an azimuth of a plate.

The azimuth of a plate (orientation of the fast and slow axis within the crystal) can
be roughly found between crossed polarizers. When the plate rotates about an angle «

then the plane of polarized light rotates about 2, where « is the angle between the first
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polarizer and the optical axis of the measured plate. To be able to distinguish between
fast and slow axis (main direction) within the crystal we can place this optical system
(measured birefringent plate between crossed polarizers) into a spectrometer. Inclining
the plate the observed channel spectrum will move to shorter or longer wavelengths de-
pending on whether the inclination is practised along the fast axis or slow one (see figure
; for mathematical expressions see the section . It does not matter which axis
we choose for the plate, however, all plates need to be chosen in the same way. Using this

rough technique we measure the plate azimuth usually within 5° precision.

High performance filters like BF need more precise azimuth orientation, usually within
a magnitude of several arc minutes. This can be achieved by employing half-shade ac-
cessories. One of the half-shade techniques is based on Nakamura double plate. It uses
a phenomenon of an optical activity of a quartz crystal. The optical activity can rotate
a plane of polarization even so when light is traveling along the optical axis. Moreover,
the crystalline quartz can be found in a nature in two forms with respect to the optical
activity. So-called left handed crystals and right-handed crystals which rotate the po-
larization plane into contrary directions. The Nakamura bi-plate consists of one half of
right-handed and one half of left-handed crystal. Their thickness is the same, but through
the optical activity the halves rotate the plane of polarization into opposite angles (40
and —0). When looked at Nakamura bi-plate between crossed polarizers a minimal light
intensity is not achieved and a field of view appears grey instead (the plane of polarization
is rotated about +¢). Inserting the inspected birefringent plate between one polarizer and
Nakamura bi-plate the field of view will appears divided into two halves with different
intensities when plate is rotated about an angle o with respect to the entrance polarizer
(see figure . Only when birefringent plate is azimuthally parallel with the entrance
polarizer the entire field of view appears constantly grey (see figure . With a human
eye as a logarithmic detector one can easily orient the azimuth of plate within 1 arc minute

precision.
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Figure 2.20: Scheme of an optical setup for BF plate azimuth orientation. When a plate is rotated
about an angle o then a field of view is divided into two halves with different intensities thanks to

Nakamura bi-plate.

2.4.3 Crystal lattice orientation tolerances

A precise orientation of a crystal lattice with respect to a plate surface is another
driver of high performance BF. It influences mainly a shape of transmitted peak, and

therefore both FWHM and the magnitudes of side maxima.

To control it some optical methods can be used but they result only in order of several

degree precision. One of these methods that is widely used employs Armand de Gramond
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Figure 2.21: Scheme of an optical setup for BF plate azimuth orientation. When a plate is azimuthally
parallel with the entrance polarizer then a field of view appears constantly grey thanks to Nakamura

bi-plate.

sphere. It is used mainly when plates are cut from raw crystals. It utilizes unique reflection
from natural surfaces of the crystal and projects them on the half-sphere. Using this
technique crystal lattice vs. birefringent plate surface can be oriented with approximately
2° precision. To achieve the orientation within a precision of minutes it is necessary to

employ X-ray goniometer [26].
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Figure 2.22: Inclination along fast or slow axis of the plate results into a shift to shorter or longer

wavelengths when spectrally inspected.

2.4.4 Temperature tolerances

When observing with BF it is important to stabilize a temperature of the filter because
it can fluctuate during a solar observation when not controlled. The variation of filter
temperature does not change a shape of transmitted peaks or their side maxima, but
spectrally shift them. The precision of stabilization depends on the performance of the
filter. For instance, frequently used filters for observation at He line (6563 A) have
usually 1 A FWHM. If made of crystalline quartz the transmitted wavelength shift is
approximately 0.7 A per 1 °C. Therefore a thermostated box for BF with precision of

0.1 °C is sufficient in this case.

2.5 Other narrow band filters

In the following section there are described another types of narrow band filter.

2.5.1 Wood filter

Wood birefringent filter consists of two polarizers and a crystalline quartz plate cut
parallel with its optical axis (see figure . It is suitable as a separator of two near
spectral lines as for an example the sodium doublet 5890 A and 5896 A (see figure .
Rotation of one polarizer from the parallel to crossed position changes the transmitted
wavelength. The thickness of the plate depends on wavelengths we want to separate.

For already given example of sodium doublet it gives the thickness of approximately 31.8
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mm (it depends also on operated temperature). This type of filter is widely used in
interferometers that use a sodium discharge lamp as a source. The filter helps to enhance

a contrast of interferometric fringes.

Figure 2.23: Wood birefringent filter - thick birefringent plate sandwiched between pair of polarizers.
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Figure 2.24: Wood birefringent filter can be used for separation of two close spectral line as for instance

the sodium doublet is.

2.5.2 Lyot filter

Widely used type of a birefringent filter for solar observations is Lyot filter. This filter
is in fact constructed from several Wood filters serially lined up. The thickness d of the
first plate is such that transmits the requested wavelength and provides the requested

performance of the filter. Each next birefringent plate has a half thickness of the previous
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one. That provides two facts, firstly, the requested wavelength is transmitted and sec-

ondly, the neighbor transmitted peaks of the previous birefringent plate are filtered out

(see figure [2.26)).

There is a disadvantage of the Lyot filter in a low intensity transmittance which is

caused by numerous polarizers placed inside the filter.

P _PPP

d/8
d/4

Figure 2.25: Lyot birefringent filter - birefringent plates sandwiched between pairs of polarizers.
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Figure 2.26: First three rows shows transmission profile of individual plates of Lyot birefringent filter.

The last row shows the transmission profile of the whole filter.
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2.5.3 Lyot element

Lyot has described also wide-angle tunable version of its filter. The design of the Lyot
element is at figure It consists of two halves of a birefringent plate C1. Between
the halves there is placed an \/2 waveplate that assures an additive superposition of C1
halves and provides the wide-angle capability. Last \/4 waveplate provides the tuning
capability of the element. The tuning is then realized by the rotation of the exit polarizer,
however can be realized only for such a spectral region where \/2 and \/4 are designed for
- in practise those are usually two chosen spectral lines (double wavelength waveplates).
An advantage of such an element is an ability of rapid tuning on spectrally small but

interesting region just by a rotation of the exit polarizer.

0° 45° 0° -45° 0°

P‘I )‘/2 N4aP2
1 1
> C1 >C1 C

Figure 2.27: Design of wide-angle Lyot element. It consists of two halves of a birefringent plate C1

and A/2 and A/4, all sandwiched between polarizers.

2.5.4 Evans element

Another easily tunable birefringent element is Evans element (see figure . It
consists of two birefringent plates C1 and C2 divided into halves. C1 is half a thickness of
C2 and provides shielding of every second transmittance peak of C2 plate. C2 plate is also
divided into two halves separated by a pair of A\/4 waveplates between which a rotatable
A/2 waveplate is placed. Birefringent plate C2 is then tunable and wide-angle. The

advantage of Evans element in comparison with Lyot element is an reduction of number
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of polarizers by one and therefore provides higher transmittance. However, the tuning
capability is again limited to the working spectral region of A\/2 and \/4 waveplates.
0° 45° 0° 45°  -45° 90° 45° 0°

P1 nNa N2 \a P2
lc1 ez
Figure 2.28: Design of wide-angle Evans element. It consist of two pairs of birefringent plates C1 and

C2 C1

1 1
2 2

C

C2, two A/4 waveplates and rotatable \/2 waveplate, all sandwiched between polarizers.

2.5.5 Fabry-Perot filter

These days a widely used type of filter for spectrally narrow band observations is a
Fabry-Perot (FP) filter (figure [2.29)) [27]. It is based on an interference principle where a
cavity of an optical length n - [ transmits only wavelengths A that fulfill the equation

n-l=gq-\2, (2.54)

where n is a refractive index of a cavity matter, [ is its geometrical length and ¢ is an

integer number.

Fabry-Perot interference filter phase difference can be expressed as

= (2;) 2nl cos 6. (2.55)

A transmission function 7" follows the equation

- (1 - R)?
1+ R2—2RcosT’

where R stands for a reflectance of both of FP filter sides. The free spectral range (FSR)

(2.56)

of FP filter can be expressed as
_ AS N
" 2nlcosO+ N 2nlcosf’

FSR (2.57)
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R

Figure 2.29: Scheme of Fabry-Perdt filter.

where )y is a wavelength of the nearest transmission peak. The full width at a half of

maximum (FWHM) of a transmitted peak is calculated with respect to the finesse F

T 4R
Fo where F = — 21 2.58
2arcsin(1/V'F) here (1-R)? (2:58)
FWHM = FSTR. (2.59)

A typical spectral transmission of FP filter tuned on He line (6562.8 A) can be seen
on figure [2.30] The filter is an air-gapped version with n = 1, R = 0.95 and [ = 33 um
achieving FWHM of 1 A. Its main advantage compare to BF is a high transmission because
it does not employ polarizers as BF where always 50 % of light is lost. Therefore it enables
observers to take images with a much faster cadency to beat an atmospheric seeing for
instance. On the other hand the field of view is much smaller than within BF (see figures

2.31]) and therefore it is suitable for observing of angularly small objects.

2.6 Position of BF within an optical system
2.6.1 Pupil plane vs. image plane

There are two possibilities how to place narrow band filters into optical systems. The
first one is to place it to the pupil plane so that an image plane is at infinity (see figure

2.33|). By applying this setup each point within an image is created by a parallel beam.
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Figure 2.30: A typical spectral transmission profile of Fabry-Perot filter tuned on Ha line. Imaged air
spaced filter has R = 0.95,1 = 33 ym and FWHM = 1 A.
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Figure 2.31: Wavelength transmission of air gaped Fabry-Perot filter (I = 33um, R = 0.95) as a function

of a field of view.

However, each beam travels through the BF under a different angle so that also each
image point is imaged at a slightly different wavelength A\ in accordance with equations
and [2.43] The resulting angular field of view vs. the observing wavelength A can be
seen on figure

The second possibility is to place a BF into the focal plane so that the pupil plane is
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Figure 2.32: Comparison of FP and birefringent filters field of view vs. relative transmission profile.
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Figure 2.33: BF placed at a pupil plane. All image points are created with parallel beams that travel
through the BF at different angles. Each point is then imaged at slightly different wavelengths .
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Figure 2.34: Field of view as a function of wavelength of a BF designed for H,, line (6562.8 A) with
1 A FWHM that observes 1° object of interest.
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at infinity (see figure . This setup assures that each point within an image is created
by a beam of the same convergency that is set by the optical system F-number (F/f). As
a result each point is imaged by the wavelength A, however with bigger FWHM than in
the previous case. The designed FWHM is broaden because of the angle o = ﬁ/ﬁ The

overall spectral resolution is therefore driven also by the optical setup.

To compare both these approaches the spectral resolution of BF placed within the
pupil plane is driven mainly by the angular field that is observed. Whereas the spectral
resolution of BF placed within the image plane is driven mainly by the optical system

and its F/1.

off-axis beam objective
BF filter
pupil focal
plane plane

Figure 2.35: BF placed at a focal plane. All image points are created with beams of the same F/# what

results in an observation at same wavelength A\ but with a broaden FWHM.
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3 Methods of thesis solution

3.1 Simulation of Solc type BF

When studying birefringent filters we deal with an anisotropic layered system. BF
are compound of several birefringent plates stacked together when its function is assured
through polarization-interference phenomenon. Therefore it is convenient to use a ma-
trix syntax that describes a polarization characteristic of each single element separately
(waveplates, polarizers) and put them into a computer algorithm that enable us to get

final characteristics of the light that traveled through all optical elements.

3.1.1 Jones calculus

One of the simplest attitudes to describe polarization characteristics of light and opti-
cal elements is Jones matrix calculus [28]. Light in a form of a plane monochromatic wave
carrying a frequency v and traveling in a z-axis direction is fully described by complex
envelopes E, = e, exp(ip,) of z-part and E, = e, exp(ip,) y-part of an electric intensity.

These complex quantities are put into a 2 x 1 matrix
J= , (3.1)

that is known as Jones (column) vector. Using this vector we can get intensity of men-
tioned wave as

1=7J7, (3.2)

where JT is a hermitian conjugate vector to J. We also can use ratio of |E,|/|E,| and
phase difference arg(E,)—arg(E,) to determine orientation and shape of a polarization

ellipse.

A description of optical polarization elements those change a polarization state of
the plane wave can be done using 2 x 2 matrices. Such a device can be for instance a
waveplate. A wave with complex envelopes Ey, and Ej, enters on the first side and on

the second side a wave with complex envelopes Ey, and Es, exits. A superposition of
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waves occurs in the polarizing optical element. This superposition can be expressed using

weight of each elements as

Eop =T Ei, + TioEyy,

Eoy =151 By + T By, (3.3)

Elements 711, T2, T51 and Ty fully characterize the mentioned optical element. We

can put expression [3.3] into the matrix form so that

Es, _ Ty Tio Ery (3.4)
Es, Ty Ty Eyy
Finally, we can rewrite in a compact way using Jones vectors
J, =TJ;. (3.5)

Matrix T is so-called Jones matrix and describes the polarization optical element. Jones
vectors J; and J, describe input and output waves. In the table there are described

several Jones matrices for basic polarizing elements.

Considering several polarizing optical elements (T, Ts, ..., Ty) stacked in a row

in a direction of input wave Ji, for output wave J, it is valid that
Jo=TNTyN_1...TJ1. (3.6)

In this way we can easily describe compound optical systems as for example birefringent

filters.

3.1.2 Other computational approaches

There are several more matrix methods that are more complex and can be used for
birefringent filter calculations too. Among them belongs Stokes - Mueller method and
Maxwell - Berreman method. Both of these has some advantages comparing to Jones

approach. However, for birefringent filter design it is not necessary to use them.
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Table 7: Jones matrices for several polarization optical elements those are used to change a polarization

state of light. Another examples can be find in e.g. [16].

optical polarizing element Jones matrix J
o : Lo
x-direction polarizer
0 0
o : 0 0
y-direction polarizer
0 1
. - o L0
waveplate with fast axis in z-direction
0 6721“
) . cosp sinp
p-angle rotation matrix
—sinp cosp

Stokes method

Stokes method has an advantage of a partially polarized light description. It is widely
used in astronomy for polarization description of astronomical objects. It can be used

for study of an electro-magnetic field of the Sun or for a polarimetric exo-planets detection.

The monochromatic plane wave is described by Stokes vector [29] [30] as

= © O ~

< EE.+EE, >
< BiE, — EiE, >
< E}E,+ E;Em >
<i(EjE, + E;E,) >
Toe + Iggo Or Iyse + I 450 or Irnc + Iunc
Too — Iope
Iyze — 1450

Irnc — Iunc
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Stokes formalism is complete in a sense that describes all partially polarization states.
However, through the first definition the phase information is lost and therefore Stokes
formalism cannot be used to describe an interference phenomena. The modification of

Stokes vector by polarizing optical elements is described by 4 x 4 matrices [31, [16].

Maxwell-Berreman method

Some today application needs to cover also the interference phenomena that can occur
for instance on very thin waveplates. Among this applications belongs a precise spectro-
polarimetry. For this purposes can be used Maxwell-Berreman calculus that describes
the interference phenomena together with polarization states. The electromagnetic field

is defined in a form of plane waves

E(r,t) = E(z) expli(wt — (kzz + kyy))], (3.7)
H(r,t) = H(z) expli(wt — (kzx + kyy))], (3.8)

where k, = c,ko, k, = ¢ ko are tangential components of the wave vector k = (k;, ky, k),
ko = w/c is a wave number in vacuum, w is an angular frequency, ¢ is a speed of light in

vacuum and r = (z,y, z) is a position vector. Coeflicients ¢, and ¢, are given as
€y = My oS @y sin by, ¢, = ngsin @ sin by, (3.9)

where ng is a refraction index of a surrounding matter (superstrate) and g, , are spher-

ical coordinates of the incident wave direction.

Because it is sufficient to consider just tangential field components for the calculation

of transfer coefficients, Berreman [32] defines a four-component vector

VEnEs(2)
VioH, (2
wiy= | VEBE (3.10)
VEoEy(z)
—V/HoH(2)
Maxwell equations results then in a complex form

—d‘giz) = —i=BY¥(2), (3.11)
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where B is a 4 x 4 matrix that enables us to retrieve all interested transfer coefficients.
Detailed description of the method for the anisotropic matter can be found for instance

in [33].

3.2 MATLAB BF toolbox

To be able to simulate and analyze transmission profiles of birefringent filters and con-
sequently also to design these filters with respect to desired performance it is necessary
to develop codes that enable this features. Because these reasons the MATLAB Birefrin-
gent Filter toolbox on a basis of Jones polarization matrix method has been developed.
The analysis and synthesis are divided into several sections with an accordance to what
relevant BF feature wants to be designed or studied. They are summed in the table
together with BF toolbox functions in the table [0

Entire MATLAB codes can be found on the attached CD.
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Table 8: BF analysis and synthesis MATLAB sections.

section name short description

BF transmission analysis of birefringent filter transmission function

enables to compute FWHM and FSR as a function
FWHM and FSR

of plate thickness or wavelength

influence analysis of diferent azimuth types on BF

azimuths
perfomance
filter inclination analysis of influence of BF inclinations
field of view analysis of BF field of view
barrier (coincidence) analysis and design of barrier (coincidence) BF
filters sub-filters

. analysis and design of BF tuning algorithms
Iter tuning
(temperature and inclination)

tolerances calculation of BF production tolerances

Lyot filter compute transmission profile of Lyot filter

analysis and design of low order, zero order,
achromatic and superachromatic waveplates; study
achromatic waveplates
of non-standard material combinations for

achromatic waveplates
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Table 9: Contents of BF MATLAB Toolbox.

toolbox main functions

short description

degree — > dms

conversion of degrees on degree, minutes and seconds

azimuths delivery of different types of azimuth distributions
WM width of transmission main peak at 3 % of intensity
FWHM width of transmission main peak at 50 % of intensity
width of transmission side peaks at 50 % of their
FWHM vedl
intensity
selections of main transmission peaks, their
maxima

wavelength position and order K

side maxima

selections of side transmission peaks, their

wavelength position and intensity value

M-files

unit thickness values for several materials

order K to thickness

recalculation of plate order K for specific wavelength

to plate thickness

temperature shift

recalculation of wavelength shift with a change of

temperature

data print out

print-out fo filter data (material, plate thickness,
design wavelength and temperature, plate cut, unit
thickness, mechanical and optical diameter, number
of plates within the filter, filter mechanical thickness,
type of azimuth distribution, p-value, azimuth angles

for the individual plates, main peaks wavelength
position in a certain wavelength range, its FWHM,
its width at 3%, distance between them, size of side

peaks)
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4 Results of thesis and newly achieved knowledge

4.1 Manufacturing tolerance budget of Solc BF

Using the MATLAB BF toolbox (see section I have prepared a filter performance
tolerance simulation of the following plate’s features: thickness (d), azimuth orientation
(p) and crystal lattice orientation (¢). These are the main BF plate features that drive
the final quality and the performance of BF.

It has been added an error €, to the each individual plate feature so that:

d:d0+6d7
p:p0+€p7
¢ = do + €.

To generate error values €, it has been used a standard normal distribution (¢ = 0 and
o? = 1) multiplied by estimated values of production errors x., (for the thickness it is
dery = D pum, for the azimuth orientation pe, and the crystal lattice orientation ¢e, it is
30 arcminutes). To minimize an impact of these errors it has been tried to re-order plates
with its non-optimal features. There are tried 6 different re-ordering distributions in a
total. They are summed in table [I0] Figure [4.1] shows an example of generated errors
for 100 BF's each compound of 26 plates. Only one plate feature was error loaded during

the simulation to be easily able to determine the best re-order distribution for each feature.

Results of the simulations (see figure shows that certain type of re-ordering ap-
plied on BF plate order can significantly help to keep the filter performance close to the
designed optimum. As a threshold for the successive re-ordering case was chosen a ra-
tio between an ideal filter transmission F'T; and transmission of error loaded filter FTy,,
within a certain spectral region to be less than FT,,/FTy < 1.04. That means that an
error loaded filter transmits less than 4 % of parasitic light compare to an ideal filter.
This light comes usually from the secondary transmission peaks rising or from the main

peaks widening.
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Table 10: Tested re-ordering distributions of plate features error values.

description graph picture

Plate Thickness Error

0 without any errors

Plate Thickness Error m]
& >

~o 5 10 15 20 25
Plate no.

Plate Thickness Error

&

5%
absolutely biggest errors 3 Ty s
“g-' / \: /,’ \\j X :
1| at the beginning and the 5 \/ \,/ ) |
end Of BF E'0 5 10 15 20 25\

Plate Thickness Error

e

©

from absolutely maximal

&

error to minimal

Plate Thickness Error im]
o

&
o
o

10 15 20 25
Plate no.

Plate Thickness Error

o

il

st

10 15 20 25
Plate no.

from absolutely minimal

w
Plate Thickness Error fum]
& ©
S

error to maximal

&

o
o

Plate Thickness Error

o

»

4| from minimal to maximal

&

Plate Thickness Error fim]
)

&

10 15 20 25
Plate no.

o
o

Plate Thickness Error
o

10 15 20 25
Plate no.

e

»

from zero to maximum

&

Plate Thickness Error im]
o

and from minimum to zero

&

o'
o

Plate Thickness Error

A8

A S A
VY

10 15 20 25
Plate no.

o

[

6 random

Plate Thickness Error im]
o

&

&

o
o




4.1 Manufacturing tolerance budget of Solc BF 55

300 T 250 300 . .
250+ 200l 250+
2007 2001
150}
&
5 150t 1501
[o]
L&)
100}
100+ 100t
50t S01 501
% 0 0
-20 0 20 100 0 100 100 0 100
thickness error [um] azimuth error [arcmin] orientation error [arcmin]

Figure 4.1: Distribution of error values €, for a simulation of 100 birefringent filters examples. Each

filter is compound of 26 plates.
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Figure 4.2: Results of tolerance simulations.

For the thickness errors the best re-ordering distributions is number 1 followed by 2
and 3. The azimuth errors can be most effectively suppressed by distribution no. 5. And

the orientation errors can be best suppressed by distribution no. 1.

Above it was shown what the re-ordering distribution is suitable for a suppression of a

particular plate feature error. However, all three errors are present in plates at the same
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time and they combine their influences on the filter performance. Therefore it is neces-
sary to test the plate combination to find out the sensitivity of the BF transmission with
respect to error values. It is made one simplification here that comes from the production
technique of Solc type birefringent filters. Because plates for Solc type filter are produced
simultaneously we can assume they all have the same thickness d - except the Beilby layer
that has about 0.3 um but is expected to be amorphous. As a consequence we have left
only two type of errors - azimuth orientation errors €, and crystal lattice orientation €4

CITors.

To simulate this with a filter containing for instance 26 plates there is a factorial of
26 possible plate combinations in total. Of course, we want to avoid simulating so many
possible plate combinations and therefore only re-ordering distributions that effectively
suppressed the negative influence of plate features errors are simulated - that means No. 1,
2 and 3 with respect to the thickness, No. 5 with respect to the azimuth and No. 1 with
respect to the crystal lattice orientation. Figure [4.3 shows the result of simulations. Az-
imuth orientation and crystal lattice orientation error values are generated again by the
standard normal distribution (= 0 and 02 = 1) multiplied by estimated values of errors
(Perr = 20 arcminutes and ¢, = 20 arcminutes). Plate thickness values are not loaded
by any errors because of the production technique as discussed previously. It can be seen
that these precisions enable to get about 80 % of successive solutions when the re-ordering

distribution No. 5 with respect to the azimuth orientation is applied.

It is interesting to investigate what a precision needs to be achieved to eliminate needs
of any plate re-ordering and to be able to sort BF plates in a random order and still achieve
good filter characteristics. To be able to do this the error values has been decreased so
that every re-ordering type could handle 100 % of successive re-ordering cases. These

values were found to be

Perr = 1 arcminutes,

Gerr = T arcminutes.
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Figure 4.3: Histogram of successive re-ordering distributions.

when d.. = 0 as discussed above.

Current precisions that can be achieved are well inside these tolerances. Both the
azimuth orientation (thanks to Nakamura bi-plate) and the crystal lattice orientation

(thanks to an X-ray goniometer) can be handled to be within 1 arcminute.

4.2 Research on M (\,T)

To be able to properly set tuning algorithms for BF filters that are planned to be
tuned by temperature - it is necessary to know temperature and dispersion characteristics
of used materials. Examined characteristics found in literature [19, 34] 35] turn out to be
insufficiently precise [36] when applied on high performance filters as birefringent filters
of Solc type. Therefore we have made a set of measurements in a range of 3900 to 11000
A and 35 — 55°C using 26 plate BF of Solc type to characterize M (X, T) for a crystalline

quartz.

We placed the BF into a collimated solar beam that is spectrally diffracted by a grat-
ing into a spectrum. The spectrum is then imaged by an objective to the CCD camera.
Because the light is passing the filter, the solar spectrum is modulated by peaks from the

filter. Uniquely defined solar lines within the spectrum are used for the precise spectral
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determination of filter transmission peaks positions (see the figure .

LUCELLECRELELLEEELEEEEL L

Figure 4.4: Solar spectrum overlayed by a positive and negative channel spectrum of Solc type BF.

Solar lines are used for precise definition of M (A, T).

Figure shows the setup of the optical system that has been used for the measure-
ment. “Z1” and “Z2” are heliostat mirrors that feed the objective “objl1” which images
the Sun onto the slit “S”, collimation objective “obj2” creates a collimated beam that
travels through the BF (“pl” and “p2” are input and output polarizers). The beam is
then diffracted to the solar spectrum by the diffraction grating “M”. Objective “obj3”
images the spectral image of the slit onto the CCD camera. To filter out IR spectrum we

employed infrared filter - “IRF”.

CCD obj3

S pl p2 M

Z2 obj1 obj2 SF

Figure 4.5: Setup for the measurement of BF material characteristics.

To disperse solar light into a spectrum we used a 1200 lines per mm dispersion grating.

The dispersion of the grating is a non-linear function [37]

P a _ m- A
35 " m T cos (arcsm— — fy> : (4.1)

2-a-cosvy
where 0 is a considered wavelength difference, 0.5 is a geometrical distance corresponding

with 0\, a is a grating constant, m is a grating order, f is a focal length of the imaging
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objective and ~ is a diffraction angle. Figure 4.6 shows measured versus computed data.
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Figure 4.6: Dispersion characteristics of 1200 lines per mm diffraction grating that was used for the

measurement.

To save the spectrum we used 768 x 576 px CCD with spectral response at 3900 —
11000 A. Figure @ shows the recorded spectrum in a spectral range of a magnesium
triplet. The solar Mg triplet is overlayed by a channel spectrum of the investigated filter.
Recorded images were processed by a MATLAB code [38] to localize transmission peaks
within CCD.

Figure 4.7: Recorded spectrum in a spectral range of a magnesium triplet. The solar Mg triplet is

overlayed by a channel spectrum of the investigated filter.

Employing the Solar Survey Archive [39] we localized spectral positions of transmitted
peaks within the solar spectrum. To determine a scale factor of the image [4.7) formula
[4.1] was used. In such a way we determine the spectral size of one pixel p. To determine

the spectral position A\x of individual transmittance peaks of the filter we use a spectral
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position of a known solar line (Ag) within an image. The following equation
A = (cs — oK) -p+As, (4.2)

where cg is the solar line position on CCD in pixel units and ok is the filter transmission

peak position also in pixel units.

Next step to obtain the dispersion and temperature characteristics M (A, T) is to de-
terminate the orders K (see equation [2.23) of individual filter transmitted peaks. With

an advance we can use a dispersion formula stated by Solc at [19]

5.85
Ms =119.2 ] —0.1 150 S R . 4.
5 9.27\ + 5log(A — 0.15) + 0.5A™° + Tr 1602 7.59  [pm] (4.3)

The stated equation is related to 22°C temperature, in which crystalline plates are usu-
ally processed. Hence, for the actual temperature T it is necessary to recalculate the

wavelength A using a formula [19)
Adg = —\-1075[5.5log(\ — 0.12) + 12.3] - (T — 22°C). (4.4)

An equation for the order Kr of the certain transmission peak of a filter tuned at the

temperature 7' can be obtained as

d

Kp—=—
"7 My + AXg)

(4.5)

The computed order Kr is then rounded to the closest value of a half of an integer (0.5,
1.5, 2.5, ...). The rounded order Kr is then put back to the equation for unit thickness

Mr
d

Mr() = 2

(4.6)

This way we determined Mp(\) at the measured spectral range for each measured temper-
atures — Mssoc to Ms50¢. The characteristics can be described using polynomial equations

of a fifth degree

Mp(N) = piX° + poA + psA® + paA? + psA + pe (4.7)
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where coefficients p; —pg are summarized in table[4.2] Equations are graphically expressed

at figure for the small spectral range near Ha line.

Now let us look at a temperature wavelength correction AX. To do that we use
measurements of Mssoc up to Mssoc. We begin with Mygoc where we determine such a

wavelength correction AMlygec so that
Mss0c(Assec) — Magoc(Aoec + Adggec) = 0. (4.8)

For AMygoc it is valid that
AXjooc = A3soc — Aaoec- (4.9)

Analogically we look also for the rest of wavelength corrections A\ at measured tem-
peratures 45°C, 50°C and 55°C. In a next step we divide each AAp by a difference of
temperatures 35°C — T so that we determine a unitary change with respect to 35°C -
(how much the wavelength varies when the temperature is changed by 1°C from 35°C).

For instance for AXypoc we got

AN g0
AAzsoc-a00c = ;0 = (4.10)

Using equations [4.8]- we get all characteristics for AXssoc_sooc Up t0 Adssoc_s50c
(see figure . Median of these curves describes how much we need to change the
wavelength that we put into equation for unit thickness computation Mszsec(A) when a
filter will operate at temperature 7. The median characteristic A\ is described by a

fitht-degree polynom
AN = (A’ 4 paX* + psA® + paN® + psA 4+ pg) - (35 = T) (4.11)
where coefficients p; to pg are

pp = —6.22E — 4; p; = 1.35E — 3; p3 = 4.30E — 4;

py = —841E — 4; ps = 8.14E — 4; ps = 1.62E — 4.

Because the temperature wavelength correction is compared to 35°C we use the corre-

sponding measurement Mssoc(A) as the final unit thickness dispersion characteristics.
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Table 11: Coefficients p; — pg of M7 ()\) polynomial equations.

M35OC(/\) M40°C(>\) M45OC(/\) M50°C()\) M55OC(/\)

p1 | 4.09E401 | 3.48E+01 | 4.70E+001 | 3.65E+001 | 4.32E+001

po | -1.56E+02 | -1.35E+02 | -1.81E+02 | -1.42E402 | 1.65E+002

ps | 2.42E+02 | 2.12E+02 2.79E+02 | 2.23E402 | 2.56E402

py | -1.87TE4+02 | -1.6TE+02 | -2.15E4002 | -1.77E402 | 1.98E+002

ps | 1.92E4+02 | 1.86E+02 2.02E4-02 | 1.89E+002 | 1.96E4002

ps | -1.68E+01 | -1.61E+01 | -1.83E+01 | -1.66E+01 | 1.75E401

Therefore M () is expressed as

M(A) = (p1A” + poX* + p3A® + paA® + psA + pe) (4.12)

with coeflicients

p1 =4.09E + 1; po = —1.56E + 2; p3 = 2.42E + 2;

py=—18TE+2; ps = —1.68E + 1; pg = 1.68E + 1.

The final temperature and dispersion characteristics of the crystalline quartz are in
a form M (X + AX) where the wavelength A is corrected using the coefficient A\ for the
filter operating at the temperature T' - equations and

The figure shows a minor difference between the original equation used by Solc
(equation for a computation of the unit thickness M and our equations that
comes from recent measurements. Solc has later slightly upgraded his original equation
but did not publish it, however it is used in the optical workshop where he worked for pre-
cise design of waveplates. In 2006 we provided similar measurements [36] to the one that
is described but only for 45°C temperature and only with 4 quartz plates of 11.4000 mm
thickness. All mentioned equations are summarized in table [12] together with proper A\

corrections and valid spectral and temperature regions.

To compare these four unit thickness equations it is best to show an impact of their

usage on a birefringent filter design. That can be seen at figure [£.11] Using measured



63

4.2 Research on M(\,T)

(D —.2) - 19+ (710

700 — ((Y9'%)801 - 00€)uIs 60"

([61]

.09 — G¢ ! § —8T°0 L FRG1T) 031oeD
—Y)S01¢7]e_0T - Y= = *PI™\y +EEEL (170 — ) = 2Py
10§ 910§
v —Hde91 =% F — V1’8 L6V8°9T—
=4 'y — q17'8— =9 °1600'¢6T = “d‘1C6T LYT—
=T7d 'y —q0oe'y = *d -¢ — {SE'T = Td*L0TL THe = ¢ ZGHP 9CT— ([8€]'6002)
064G — GE Wil — 6£°0
=% 'y — g 9— =1'd = &d ‘QT98°0F = 'd o10UyMm e109g
oroym ‘(7 —gg) - (9d + y&d + XVd I+ Sd 4\ Vd+ X Ed Y ed+ Y 1d
+ X + xed + d) = XV =N
9091 15—
= 9 *'FFR0'8¥¢ = “d ‘GELE FST—
= 7d ‘pyL8°¢H8 = *d ‘G6¥L 08— ([9gl‘'9002)
DoG¥ 10§ pifea DoCF 10§ pIeA ! )70 — 80 n
= Le9T 1€ = 'd d1yMm RRHEIAN
@QiT/\mng NK%QiTMKm&IT w&mgl_l m,«ﬂ&
=
erIL L — (px—)dxo Aﬁvﬁm 90°0 (uoryeorunu
(¢cc—.1) [ecr+ (210 ooy o
D09 — €% ! § — 8T — g0 T Tege T eGS0 -wod dyeattd
—Y)901¢°¢le-01 - Y= =XV ﬁ
+(ST°0 — Y)S01¢ + XLT6TT = U || ‘0661) II 2108
(zz—.1) - [eet+ (210 6oL — 2L 4 xe (l6T]
Ds09 — &2 wrl § — §1°0 “
—X)80[¢°Gle_0T - Y— =\V +(GT°0 — \)BO1G + YLT6TT = W || FS86T) I 2109
UOI3aI
UOI3aI
aInjeroduro) uoryenbs yy uoryenbo py sSouIDIY) jun Iotne
[e1300ds pifea
prrea

JA SsouydIy} jun JI0j mQOEQSUo JuaIgI(J Nﬂ @MO—@,H\




4.3 Achromatic waveplate 64

734_ ..... ..... e e e
732

-~
w

F728

726
72.4

unit thickness M_. [um]

722
72

718

i i i i
0.648 0.65 0.652 0.654 0.656 0.658
wavelenght A [um]

Figure 4.8: Series of measurements of crystalline quartz unit thicknesses Mr(\) at several temperatures.

equations and we designed BF for Ha line observation at 6562.8 A for 39.5°C
filter operating temperature. We can see that the transmission curves are spectrally
shifted with an usage of different equations for the unit thickness M. When it is designed
a filter for only one observation wavelength it can be easily corrected by eg. temperature
correction. However, when we design filter for multiple wavelength observation this way
cannot be used. For the BF design it is therefore necessary to have a precise unit thickness
measurements that assure a correct filter design. A paper by Skomorovskij [9] mentions
that dispersion characteristics can slightly vary with a place of deposits of a given material.
This fact could explain a difference between original Solc equation, new Solc equation and

equations from Melich and Becicka.

4.3 Achromatic waveplate

A way of including of a fast tuning capability into BF is to use Lyot or Evans ele-
ment in the filter design. Their usage is, however, restricted to spectral ranges where \/2
and \/4 waveplates in elements have the proper retardance. To provide an ability of a
wide spectral tuning of Lyot and Evans element it is necessary to have an achromatic

waveplate in the set. Comparing to simple waveplates, achromatic waveplates provide
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Figure 4.9: Wavelength temperature change A\ that is necessary to account for when computing unit

thickness M.

more constant path shift that is independent of the transmitted wavelength with a cer-
tain precision. This independency is achieved using two different birefringent materials.
The chromatic shift of the retardance in the first part of the waveplate is compensated by
a suitable material of the second part - these days crystalline SiO, a MgFs birefringent

materials are used almost exclusively.

A crystalline plate thickness of each material for an achromated spectral range Ay — Ay

can be calculated [40] as

A
d= ﬁmv(D) - L, (4.13)

where d stands for a matrix of thicknesses of individual plates

the index M is for MgF, and the index Q is for SiO,, inv(D) expresses an inverse bire-

fringent matrix

NeM1 — Mo —(NeQ1 — Mo
D_ M1 M1 (Nequ Q1) 7 (4.14)

NeM2 — NoM2 _(neQ2 - noQQ)
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Figure 4.10: Deviations between measured Mz (\) and computed values from Solc equation.

where the index 1 means a connection with the wavelength A; and the index 2 with \,.

Finally L is a wavelength matrix

A1

A2
For wavelengths A\; = 400 nm and Ay = 500 nm the thickness of Mgk, is dy; = 264.15 pm
and SiO2 dq = 312.14 pm. The final path retardance can be seen at figure where

L=

the designed achromatic waveplate achieves the retardance error of approximately A/100

at 400 nm - 500 nm spectral range.

Nowadays there is quite a lot of modern birefringent materials widely used in non-linear
optics. However, because of their birefringence they can be in principle used to design
achromatic waveplates that have a better achromatic performance. Table shows an
overview of 12 birefringent materials that have been theoretically studied for this pur-
pose. There can be achieved 66 combinations using them. Not all of the combinations are
advantageous but several of them shows the better performance than already mentioned

SiOy/MgF, combination, especially for certain spectral regions.

A criterion for a suitable material choice comes from a ratio of path retardance first
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Figure 4.11: An impact of using of 4 different equations for the unit thickness M on a design of a

birefringent filter.

derivatives of chosen materials X and Y with respect to a wavelength

1 d(ne_no) o l
Ne—"No dA A x

p - |: 1 d(ncfno) 1:| ’
Y

(4.15)

Ne—MNo dX A

The more flat is a tendency the ratio p expresses the more suitable choice of mate-
rials combination for achromatic waveplates. Figure shows the ratio p for several
most interested material combinations. From this figure we can see that more conve-
nient combination that already mentioned classical combination SiO,/MgF, is a combi-
nation SiO,/BBO for spectral region 0.4 — 1.0 um and SiO,/Sapphire for spectral region
0.25—0.6 um. Figure[d.14]shows the path retardance for the mentioned combinations. The
comparison shows that the SiOy/BBO is about 30 % better than the classical SiOy/MgF,.
Great results are achieved for SiO,/Sapphire in the close UV spectra.

However, as can be seen from the figures the achromatic waveplates retardance is still
limited to the certain spectral region and therefore the full spectrum tuning is not able

even with the usage of achromatic waveplates in the Lyot or Evans elements.
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Figure 4.12: Path retardance of an achromatic waveplate compound of SiOs and MgF5.

4.4 Novel tuning method - BF with plates of oblique cut

An important way of tuning for this thesis is an inclination tuning of BF containing
oblique cut plates [41]. This is the first time this type of tuning is used for professional

birefringent filter tuning.

Instead of the classical cut which is parallel with a crystal optical axis (using the crys-
talline quartz it is Y-cut) a plate is cut from a crystal under a small angle ¢ with respect
to the Y-cut along the optical axis. This leads to the possibility to tune the filter in the

entire spectrum employing an inclination in only one plane instead of two as described in

the subsection 2.3.3]

Using a unit thickness My of Y-cut we can express the a unit thickness M, of the cut

¢ as
1

cos? ¢’

If we incline the filter from its mechanical axis about an angle 3 the light beam is traveling

My = My (4.16)

via the filter according to Snell’s law 3 = /n' (where where n' stands for "< for small
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Figure 4.13: Ratio of path retardance first derivatives of chosen materials X and Y. The more flat is

the ratio p the more suitable choice of materials combination for achromatic waveplates.
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Figure 4.14: Path retardances for optimally chosen material combinations.

angles of inclination). The unit thickness My g is

1
My cos?(¢p+ B/n')

This value can then be used for a calculation of a filter transmission and a corresponding

My g = (4.17)

filter plate thickness

1
cos*(¢ + B/n’)’

This expression shows what should be the plate thickness when we want to transmit the

dy =K - Myg(\t) =K - My (4.18)

wavelength A if applying the inclination 5 on BF made of plates with the oblique cut ¢.

Because of a usage of the oblique cut with respect to the optical axis, an extraordinary

ray deviates with respect to an ordinary ray (see figure 4.15)). Considering a maximal



4.5 Realization of universal birefringent filter 71

extraordinary ray deviation ., of cuts close to 45° with respect to optical axis then
we can write for oblique cut ¢ (measured from Y'-cut, where ¢ = 0°, to Z-cut, where

¢ = 90°) with good approximation

Wp = wmax : SinQ(QSO) (419)

Approximative values for a crystalline SiOy are 1. = 20’. From the equation it
results for 6° oblique cut in g = 52”. Using for instance 5 mm thick plates we obtain
about 1 pum displacement which in a comparison with a camera pixel size is a negligible
value. Our observation with 26 quartz plates Solc filter compound of oblique cut plates

of 6° and 3.5015 mm thickness using 20 pm pixel size CCD camera confirm that.

oblique cut of ]
birefringent crystal

extraordinary ordinary
ray ray

Figure 4.15: Ray paths in an oblique cut of a birefringent plate.

4.5 Realization of universal birefringent filter

Observing the Sun chromosphere with polarization interference birefringent filters has
an advantage of their long lasting and high stability [42], 22]. Such filters are mainly
constructed for just one spectral line (e.g. Ha, Call K, etc.). Construction of a filter for
more spectral lines [§, 43] or tunable via a wider spectral range is more sophisticated,
however, such a solution is theoretically possible. In [8] we can find a description of Lyot
type filter recently used for observing in Ha and Hel lines. A fully tunable filter working

in a wide spectral range was realized by Title [24].

Together with astronomers from Solar Department of Astronomical Institute AS CR,

v.v.i. a production of several pieces of birefringent filters for professional solar observation
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has been consulted. The set of filters has been considered to observe at several astronom-
ically interesting spectral lines - Ha, D1, D2, D3, HfS, Ball, Hy and CallK. Physical
calculations showed that it is possible to apply BF of Solc type with a properly chosen
construction of BF plates. The filter will be capable to transmit all chosen wavelengths,
however, during the observation only one line will be considered. The rest of transmitted

lines will be blocked by barrier filters.

4.5.1 Design of the universal tunable filter

After a theoretical analysis it has been concluded that the filter cannot be accom-
plished as a simple optical element. However, it can be built up using a combination of

several interdependent optical elements (called sub-filters) in the way shown at figure [4.16]

The first barrier element of the filter is considered as a dielectric filter set together
with color glass (DF1 and DF2) that are placed in two carousel wheels. Spectrally, those
are the widest elements. The second barrier element (SF1) of the filter is realized as a
Sole type filter built up of quartz obliquely cut plates (the cut of the plates that is not
parallel to optical axis of a crystal - see section [41]. Such a sub-filter is tunable in
a wide spectrum range with a simple inclination in one axis only (see figure . After
barrier sub-filters a main sub-filter (SF2) is placed in the optical path. SF2 is designed as
Solc type filter built of 26 quartz plates. The thickness of its plates is designed in such a
way it is able to be tuned on numerous astronomically interesting lines by a temperature
variation. Finally, there is a most narrow part SF3 that is also designed as a Solc filter.
It is compound from 6 plates of CaCOj that has about a 17x higher birefringence than

quartz and provides most narrow lines from all sub-filters.

4.5.2 Barrier interference sub-filters and colored glasses

In front of birefringent sub-filters SF1, SF2 and SF3 there is a double carousel with 2x6
positions for wide interference and color glass filters DF1 and DF2 (see figure [4.17). They
are going to be chosen with respect to the observed spectral line. Their usual FWHM

is in a range of 10 nm. These kind of filters and color glasses are easily commercially
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DF1] | DF2
P2 P3 P4
P1 SF1 SF2 SF3

Figure 4.16: An optical scheme of the multi-wavelength Solc birefringent filter. The filter consists of
three birefringent sub-filters of Solc type - SF1, SF2 and SF3 and sets of interference filters and color
glasses - DF1 and DF2. Each birefringent element is separated by polarizers P1, ..., P4.

available.

Figure 4.17: Double carousel with 2 x 6 positions for wide interference and color glass filters DF1 and

DF2.

4.5.3 Barrier inclination sub-filter

The sub-filter SF1 acts as a barrier filter for SF2. The design of barrier inclination
sun-filter SF1 comes from the study provided in section 4.4l To be able to tune the fil-
ter over entire visible spectrum it has been concluded to built up the filter from plates

with 6° oblique cut from the Y crystal plane. The SF1 compounds of 26 quartz plates
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of 3.5015 mm thickness. The overall thickness of the SF1 sub-filter is 91.0390 mm. Its
mechanical diameter is 32 mm, the optical diameter is 30 mm. The azimuth distribution
function is chosen as a triangular function with a factor p = 0.644 resulting in 2.93 %

high of side maxima (see table [14] of SF1 azimuths and transmission profile figure [4.18]).
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Figure 4.18: Relative transmission profile of SF1 sub-filter tuned at Ha line.

Its tuning is provided by an inclination in one axis only which is possible thanks to
the chosen 6° oblique cut [41} [44]. Application of this cut provide full spectral tunability

within the inclination range of (—3°;+3°) for the Mg2 line range (see figure 4.20)) and
(—4°; +4°) for Ha line.

FWHM and FSR for visible spectrum of SF1 sub-filter is showed at figure

Inclination values for desired wavelengths are calculated using MATLAB simulations

toolbox (see the section and are summed in table [15]

From a point of view of keeping a position and a direction of the sub-filter optical axis
identical with the mechanical axis of the entire filter it is necessary to split the SF1 into

two parts of the same thickness. From this reason the SF1 sub-filter has to be build up
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Table 14: Triangular azimuth distribution of SF1 sub-filter plates with a factor p = 0.644.

plate azimuth plate azimuth

number | degree minutes | number | degree minutes
1 1 6.92 14 -2 -20.77
2 -1 -13.08 15 2 14.62
3 1 19.23 16 -2 -8.46
4 -1 -25.38 17 2 2.31
5 1 31.54 18 -1 -56.15
6 -1 -37.69 19 1 50.00
7 1 43.85 20 -1 -43.85
8 -1 -50.00 21 1 37.69
9 1 56.15 22 -1 -31.54
10 -2 -2.31 23 1 25.38
11 2 8.46 24 -1 -19.23
12 -2 -14.62 25 1 13.08
13 2 20.77 26 -1 -6.92

Table 15: Inclination values of SF1 sub-filter that assures the filter to be tuned on desired wavelengths.

spectral line | wavelength [A] | line FWHM [A] | inclination [°]
CallK 3933.682 13 -0.43
H~y 4340.475 1.4 -2.02
Ball 4554.03 0.2 -2.28
Hp 4861.342 1.2 -2.64
Na—D1 5895.940 0.4 -0.91
Na—D2 5889.973 0.4 -0.43
He—-D3 5875.625 0.3 0.82
Hao 6562.808 1.5 0.17
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Figure 4.19: Full width at half maximum and free spectral range of SF1 sub-filter as a function of

wavelength.

Figure 4.20: Channel spectrum of Solc barrier sub-filter and tuning by its inclination. Each horizontal
line represents the inclination of 1°. As a result we can see tuning of the filter maxima. The transmittance

of the sub-filter is negative in this figure so that you can see the solar spectrum.

from an even number of plates. Each half is then inclined in a sense of figure so that
a spectral shift of transmission peaks can occur. The second half of SF1 has to be rotated
with respect to its mechanical axis about 180° so that the inclination of two halves is done

in a same direction with a respect to the optical axis within the sub-filter plates.
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SF1
P2

P1

Figure 4.21: A special way of an inclination of the barrier sub-filter SF1. The sub-filter is divided into
two halves of the same thickness. The second half is rotated about 180° with respect to the optical axis.
The center of the inclination for the two halves is the black point. In such a way of inclining the spectral

shift is provided and the position and direction of the optical axis remains unchanged.

4.5.4 Main sub-filter

The main sub-filter SF2 is constructed as Solc type birefringent filter compound of 26
crystalline quartz plates of 11.4000 mm thickness that are cut parallel with optical axis.
The overall length of the filter is 296.4000 mm. Its mechanical diameter is 32 mm, the
optical diameter is 30 mm. The azimuth distribution function is chosen as a triangular
function with a factor p = 0.644 resulting in side maxima amplitudes of 2.93% peak value

(see table |16 of SF2 azimuths and transmission profile figure [4.22)).
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Figure 4.22: Relative transmission profile of SF2 sub-filter tuned at Ha line.
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Table 16: Triangular azimuth distribution of SF2 sub-filter plates with a factor p = 0.644.

plate azimuth plate azimuth

number | degree minutes | number | degree minutes
1 1 6.92 14 -2 -20.77
2 -1 -13.08 15 2 14.62
3 1 19.23 16 -2 -8.46
4 -1 -25.38 17 2 2.31
5 1 31.54 18 -1 -56.15
6 -1 -37.69 19 1 50.00
7 1 43.85 20 -1 -43.85
8 -1 -50.00 21 1 37.69
9 1 56.15 22 -1 -31.54
10 -2 -2.31 23 1 25.38
11 2 8.46 24 -1 -19.23
12 -2 -14.62 25 1 13.08
13 2 20.77 26 -1 -6.92

The thickness of plates within this filter is carefully chosen to be able to tune the filter
on the most astronomically interesting lines within a temperature range of 35 — 55°C.
Nevertheless, the filter can be tuned over an entire spectrum within a temperature range
of 10—"70°C. Out of this range a dew-point can be achieved or a degradation of polarizers
due too high temperature can occur. Table |[17] shows spectral lines tuning temperatures
the filter was originally designed for. However, it is possible to observe also on other spec-
trally interesting wavelengths. Those between 3900 A and 6650 A are stated in table
together with SF2 working temperature. An efficient liquid super-thermostat is used as
a temperature controller. It enables both cooling and heating of crystalline quartz plates

that are placed within a specially designed housing enabling free float of a coolant.

FWHM and FSR for SF2 sub-filter within a visible spectral region is showed at fig-
ure 4.2l
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Figure 4.23: Full width at half maximum and free spectral range of SF2 sub-filter as a function of

wavelength.

Table 17: Temperature values for SF2 sub-filter that assure the filter to be tuned on desired wavelengths.

spectral line | wavelength [A] | line FWHM [A] | temperature [°]
CallK 3933.682 13 50.30
H~ 4340.475 1.4 34.06
Ball 4554.03 0.2 23.93
Hp 4861.342 1.2 43.52
Na—D1 5895.940 0.4 49.63
Na—D2 5889.973 0.4 59.38
He—D3 2875.625 0.3 35.59
Ho 6562.808 1.5 39.49

4.5.5 Narrowing sub-filter

The sub-filter SF3 acts in the whole filter as a spectrally narrowing element. It is
made of 5 plates of crystalline CaCOg, each of 8.9303 mm. That makes the sub-filter as
long as 44.6515 mm. However, CaCOg3 has about 17X higher birefringence than a crys-
talline quartz and therefore this sub-filter provides most narrow transmission peaks even
thought the filter is shorter than the quartz one. The mechanical diameter is 32 mm, the
optical diameter is 30 mm. The azimuth distribution function is chosen as a triangular
function with a factor p = 0.644 resulting in 0.3 % high of side maxima (see table [20] of
SF3 azimuths and transmission profile at figure [£.24)). Figure shows the FSR and
FWHM of SF3 as a function of wavelength.
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Table 18: Table of spectral lines observable with the main Solc sub-filter SF2. T is ‘working temperature’

used for the main Solc sub-filter to be tuned on a proper line.

Line AM[A] T [°C]| Line AM[A] T [C]| Line MN[A] T [°C]

Al 3961.535 61.54 Fe 4404.761  29.61 Fe 5269.550  53.45
Ca-H  3968.492 43.29 Fe 4415.135  42.50 Cr 0298.283  43.97
Fe 4005.254  44.85 Mn 4762.375 4217 Fe 5302.307  36.32
Mn 4030.763  43.66 Mn 4783.424  38.22 Fe2 5316.620  56.27
Fe 4045.825  39.00 Ni 4786.542  31.00 Fe 0328.051  33.72
Fe 4071.749  37.86 Ti2 4805.099  32.68 Fe 5364.880  58.76
H-d 4101.748  28.30 Mn 4823.514  34.68 Fe 5367.476  53.82
Fe 4118.555  52.81 Fe 4918.998  45.05 Fe 5369.974  49.17
Fe 4132.067  53.16 Fe 4920.514 41.22 | Fe-Ni  5371.501 45.98
Fe 4134.438 47.44 Fe 4938.820  45.68 Fe 5429.706  31.59
Fe 4152.176  37.19 | Fe-Dy2 4957.613 69.75 Fe 0442.080 42.21
Fe 4153.906  31.89 Fe o074.753  29.27 Fe 5816.380 32.14
Mg 4167.277  32.68 Fe 5110.435 47.69 Ca 5857.459  67.01
Fe 4187.047  53.02 Fe 5137.393  38.55 Fe 0914.213  20.30
Fe 4191.437  42.12 Fe 5139.473  34.60 Fe 5987.070  58.74
Fe 4233.612  43.24 Fe 5142.936  27.32 Fe 6003.022  30.40
Fe 4235949 37.28 | Mg-3  5167.327 23.77 Fe 6494.994  24.46
Mo2-Fe 4250.797 36.56 | Mg-2 5172.698 59.39 | Fe-Ba2 6496.908 21.65
Fe 4260.486 48.42 | Mg-1 5183.619 37.08 Ca 6499.654 16.98
Ca-Cr 4289.729 49.11 | Cr-Fe 5208.432 34.11 Fe 6592.926  52.88
Fe 4325.775  34.11 Fe 0227.192  43.39 Fe 6633.758 51.21
Mg 4351.921  43.58 Fe 0232.952  31.46 Ni 6643.638  35.62
Fe 4383.551  42.85
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Table 19: Temperature values for SF3 sub-filter that assure the filter to be tuned on desired wavelengths.

For some interesting lines it is not necessary to use the SF3 sub-filter. Observation is provided only by

DF1, DF2, SF1 and SF2.

spectral line | wavelength [A] | line FWHM [A] | temperature [°C]
CallK 3933.682 13 not necessary
Hry 4340.475 1.4 not necessary
Ball 4554.03 0.2 55.0
Hp 4861.342 1.2 not necessary
Na—D1 5895.940 0.4 35.0
Na—D2 5889.973 0.4 55.0
He—D3 5875.625 0.3 51.0
Ha 6562.808 1.5 not necessary

Table 20: Triangular azimuth distribution of SF3 sub-filter plates with a factor p = 0.644.

plate azimuth

number | degree minutes

1 5 48.00
2 -9 -48.00
3 13 48.00
4 -9 -48.00
d 3 48.00

The SF3 tuning capability is provided by a temperature change. Filter is placed within
a thermally controlled case enabling to heat up the sub-filter. For some interesting spec-
tral lines it is not necessary to employ the SF3 narrowing capability because lines have
wider FWHM. An observation employing only DF1, DF2, SF1 and SF2 is sufficient. To
keep an optical length of the filter constant a glass substitution is placed into the optical

path instead of SF3.
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Figure 4.24: Relative transmission profile of SF3 sub-filter tuned at Ha line.
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Figure 4.25: Full width at half maximum and free spectral range of SF3 sub-filter as a function of

wavelength.

4.5.6 Tuning algorithms

The described universal birefringent filter can be used to observe at a desired wave-
length just when all its sub-filters (interference dichroic filters, SF1, SF2 and SF3) are

tuned at the wavelength.

Tuning algorithms of particular sub-filters are based on their individual ways of tuning.
Interference dichroic filters in a two carousel wheels are designed to transmit correspond-
ing wavelength, so that it is necessary to have placed the correct filter in the optical path.
The barrier crystalline quartz sub-filter SF'1 compound from oblique cut plates is based
on the inclination tuning type described in the section and employs the equation [4.17]
Its tuning is fast and accurate. The main crystalline quartz sub-filter SF2 is based on the
temperature tuning described at the section when the unit thickness is changed by

A\ characterized in the equation [4.11] Tuning speed is slower, usually tens of minutes.
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The narrowing sub-filter SF3 is also designed to be temperature tuned. Because it is made
of crystalline calcite it is necessary to consider equations valid for this material (see table
. It can be also placed out from the optical path if the observation does not require
its usage. Table [21{summarizes tuning types of individual sub-filters of the universal filter.

I have used equations stated in the table 21| to numerically scan the “tuning space”

to determine a table of values that needs to be used for a correct wavelength selection.

The results of scanning for SF1, SF2 and SF3 are shown at figures [4.26] 4.27] and [4.2§|

accordingly for the spectral region of Ha line.
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6560 F g ;

6540 -

1 Ca6499654 |1 Fe_Ba2 6495.908
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Figure 4.26: Transmitted wavelength vs. SF1 filter inclination. The horizontal lines shows values
that represent astronomically interesting lines. The intersection determines the value the filter should be

adjusted to transmit the desired wavelength. Eg. for Ha (6563 A) the SF1 should be inclined at 40.445°.

Results of the tuning space scanning for the individual sub-filters and for the spectral

lines of interests can be seen at table 22
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Figure 4.27: Transmitted wavelength vs. SF2 filter temperature. The horizontal lines shows values
that represent astronomically interesting lines. The intersection determines the value the filter should be

set to transmit the desired wavelength. Eg. for Ha (6563 A) the SF2 should have temperature of 39.5°C.
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Figure 4.28: Transmitted wavelength vs. SF3 filter temperature. The horizontal lines shows values
that represent astronomically interesting lines. The intersection determines the value the filter should be

set to transmit the desired wavelength. Eg. for Ha (6563 A) the SF3 should have temperature of 76.0 °C.
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Table 22: Tuning values for individual sub-filters that assure the entire filter to be tuned on desired

wavelengths.
spectral | wavelength line SF'1 inclination | SF2 temperature | SF3 temperature
line [A] FWHM [A] values [°] values [°C] values [°C]
CallK 3933.682 13 -0.43 50.30 not necessary
Hry 4340.475 14 -2.02 34.06 not necessary
Ball 4554.03 0.2 -2.28 23.93 55.0
Hp 4861.342 1.2 -2.64 43.52 not necessary
Na-D1 5895.940 0.4 -0.91 49.63 35.0
Na-D2 5889.973 0.4 -0.43 59.38 55.0
He-D3 5875.625 0.3 0.82 35.59 51.0
Ha 6562.808 1.5 0.17 39.49 not necessary
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4.5.7 Filter set

Individual birefringent sub-filters SF1, SF2 and SF3 and their convolution for Ha
spectral region can be seen at figure however, in practise only SF1 and SF2 are

sufficient to use for Ha observation.
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Figure 4.29: The top figure shows individual BF sub-filters SF1, SF2 and SF3 coincidentally tuned on
Ha solar line. The bottom figure shows their convolution. In practise only SF1 and SF2 are sufficient to

use.

4.6 Optical system design for universal birefringent filter

Professional solar astronomers use high-quality objectives providing a sufficient reso-
lution of observed details of interest. In the Czech Republic the seeing reaches a value in
order of seconds, rarely and only at good observation posts it decreases under one second.

Considering an observation of the entire solar disc and using our experience with similar
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telescopes design, the objective of optical diameter () = 140 mm and image focal length
f' = 2000 mm has been chosen. Hence, the primary image of the Sun has a diameter

about 19 mm. A theoretical resolution of objective is 0.7 second of arc.

A criterion for the objective design is a low value of a longitudinal chromatic aberra-
tion. Best results regarding a correction of a spherical aberration, a coma and a modula-
tion transfer function are obtained using an off-axis version of Maksutov system (see figure
where there is no shading of the primary mirror. The spherochromatic aberration of
our objective reaches only ds’ = 0.03 mm for a spectral range 380 — 760 nm. Geometrical

images in a view field of a solar disc size are smaller than diffraction patterns of 20 pym

diameter [45] (see figure [4.31)).

L1

Figure 4.30: Scheme of Maksutov off-axis system. It uses an eccentric meniscus and a spherical mirror.

The focal length of 2000 mm and the optical diameter of 140 mm has been chosen.

The entire system, including the imaging system and the filter (see figure , is
optimized as a unit. As a sensor we use a CCD camera SoftHard Technology with a 2/3”
chip SONY ICX285AL (10.2 x 8.3 mm with matrix of 1376 x 1038 pixels, one pixel has
6.5 X 6.5 pm). As can be seen from the figure the filter is placed in the pupil plane
(see the section which results in a drift of imagined wavelength with the angular
space of observation. However, in the case of 0.5° object, for instance the Sun, the drift

is about 20 mA in Ho region which is acceptable for the 0.5 A filter.
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Figure 4.31: A spot diagram of the off-axis Maksutov optical system. In a field of view of the Sun spot

diagrams are smaller than a diffraction limit expressed as a diffraction ring of 20 pym diameter.
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Figure 4.32: An optical scheme of the chromospheric telescope. Elements L1, M1 and M2 form the
entrance objective, OBJ1 is the collimating objective that feeds the filter and OBJ2 is the objective

focusing light onto the CCD element.

4.7 Mechanical design of the universal birefringent filter

A detailed mechanical design of the universal birefringent filter has been prepared for
hundreds hours by mechanical experts working in TOPTEC research centre (former Op-
tical Developmental Workshop) with my close cooperation. Its detailed description is out
of a scope of this thesis. Nevertheless, precise mechanics play one of the key role in the
high performance optical systems. It has to house the optics within a certain precision
with respect to decentering and tilting, in the same time provide precise inclination for
SF'1 inclination tuning feature and carry the heating systems for SF2 and SF3 sub-filters.
From these reasons I show on the following figures at least the outline of the filter indi-

vidual section mechanics. Detailed design can be found on the enclosed CD in Solid Edge
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data format (ASM and PAR files).

Figure [4.33| shows the entire filter whose individual segments are carried by four guide
rods. At the beginning and at the end system there are two objectives. The first one is a
collimation objective that provides collimated beam, the second objectives is an imaging
one. Between objectives the collimated beam is traveling through the individual filter

segments.

First two carousel wheels carry the barrier dichroic filters DF1 and DF2. In each wheel

there is 6 positions but one of carousel positions is kept filterless (see figure [4.34)).

Figures and show the housing of the barrier inclination sub-filter SF1 and

its inclination mechanism.

The figure [4.37 shows the cross-section of the main sub-filter SF2. In the filter case
there is a circuit enabling free float of coolant for precise temperature control to enable

tuning of the filter.

The figure shows the mechanical housing of the narrowing sub-filter SF3.

There is also a set of pictures in the appendix [6] showing the mechanics of the filter in

a current state.
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Figure 4.33: A half-cut through the entire filter mechanics.
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Figure 4.34: A half-cut through two carousel segments holding barrier interference filters.
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Figure 4.35: A half-cut through mechanics of the barrier inclination sub-filter.
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Figure 4.36: Mechanics of the barrier inclination sub-filter.
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Figure 4.37: Cross-section of the main sub-filter mechanics.
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Figure 4.38: Mechanical housing cross-section of the narrowing sub-filter SF3.
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5 Specific conclusions and the usage of thesis results
in practice

Among theoretical contributions of the thesis I consider the manufacturing tolerance
budget of Solc BF individual parts calculated in section . Results of analysis determine
tolerances that are necessary to be satisfied in order to keep a designed performance of
narrow-band birefringent filters. Other conclusion of the analysis suggests a special way

of individual parts sorting that enable a usage of parts with loosen tolerances.

Another theoretical contribution of the thesis is the analysis of nowadays available
birefringent materials and their usage for a production of achromatic waveplates (section
[4.3). Compare to commonly used pair of SiO, and MgF, materials it is possible from the
achromatic point of view to use combinations of BBO and SiO, for visible spectral region

or SiO, and Sapphire for close UV region and achieve a higher achromatism.

The next theoretical contribution, important especially for designers, are precise mea-
surements of crystalline quartz dispersion and its temperature dependency. These data
are highly essential especially for the double wavelengths design where the thickness of
used plates needs to satisfy the condition for both wavelengths simultaneously. Very

important is this knowledge also for precise BF tuning.

As a practical contribution of the thesis I consider the analysis and consequent realiza-
tion of the rapid tunable BF of Solc type made from birefringent plates of an oblique cut.
This type of plates assures the possibility of inclination tuning in one axis only. Within

a range of —4° - +4° the full visible spectral tunability is achieved.

Already known and in this work newly achieved knowledge has been utilized in a de-
sign and realization of the universal birefringent filter. An advantage is taken especially
from the novel design of BF compound of oblique cut plates that enable a rapid tuning

- this design is used for the first time in a professional solar filter solution. The other
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important entry is a knowledge of quartz dispersion characteristics and their temperature

dependency that enable precise tuning based on filter temperature change.

Together with the filter it was designed a dedicated optical system where both the
filter and the optical system are optimized as a unit. Entire optical system is housed
into customized mechanics which fulfil manufacturing tolerances of the filter and provides

tuning capability for individual sub-filters.
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6 Conclusion

The Ph.D. thesis gives a comprehensive review on the issue of narrow-band birefrin-
gent filters. It results from several year effort and training in a field of optical sciences
with a focus on birefringent systems and close cooperation between TOPTEC research
centre of Institute of Plasma Physics ASCR, v.v.i. (former Optical Developmental Work-
shop), Upice Observatory, Astronomical Institute ASCR, v.v.i. in Ondiejov and Joint
Laboratory of Optics of Palacky University and Institute of Physics of AS CR, v.v.i.

To reach the objectives of the thesis I choose program environment MATLAB in order
to create a birefringent filter toolbox - dedicated set of codes analyzing physical properties
of birefringent filters. Analytical possibilities were employed to study a manufacturing
tolerance budget, material dispersion characteristics, an usage of unusual birefringent
materials combinations for achromatic waveplate design and a design of a novel tuning
method of birefringent filters. Results of analyzes were used afterwards for the synthesis,

design and control techniques of tunable birefringent filter of Solc type.
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Pictures from realization of thesis objectives

Figure 6.1: Radek Melich, the author of the Ph.D. thesis, and Ivan Solc, the inventor of Solc birefringent
filter.

Figure 6.2: Radek Melich, the author of the Ph.D. thesis, and Jaromir Kfepelka, his supervisor.
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Figure 6.3: Ivan Solc, Jan Klimes,sr. and Zbynek Melich at Upice Observatory. Jan Klimes is a
professional astronomer who is running the solar patrol telescope at ijice Observatory. The telescope
was used for a measurement of a unit thisckness dispersion characteristics. Zbynék Melich is a head of a

scientific program at TOPTEC research centre where the universal birefringent filter is developed.

Figure 6.4: Staff of former Optical Developmental Workshop (recent TOPTEC research centre) who

contribute to production of the universal birefringent filter.
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Figure 6.5: Ondfej Be¢icka helped to investigate the crystalline quartz dispersion characteristics which

is necessary for a precise design of narrow-band birefringent filters and their precise tuning.
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Figure 6.6: Birefringent filter of Solc type currently used at Upice observatory for solar observations

at Hao line.

H-alpha Observatory
6563 A - - Upice

2005-04-21

Figure 6.7: An image of solar chromosphere at Ho line taken by the chromospheric telescope at ﬁpice

observatory.
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Figure 6.8: Detail of solar chromosphere at He line taken by DOT telescope at La Palma.

Figure 6.9: DOT telescope at La Palma with its designer Dr. Robert Hammerschlag. At the background

the SST telescope can be seen.
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Figure 6.10: Jan Klimes, sr. taking an image of solar spectra in Ha region. The solar spectrum is

overlayed by a channel spectrum of Solc type BF.
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Figure 6.11: Setup for measurement of crystalline quartz dispersion characteristics. It corresponds

with the figure

Figure 6.12: DF1, DF2, SF2 parts of the universal birefringent filter on the four guiding rots. At the

beginning of the system and at the end there are collimating and imagining objectives.
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Figure 6.13: Housing of the SF2 filter containing special inside cavities for coolant liquid that enables

precise temperature control.

Figure 6.14: Two rotating carousels house dichroic filters and color glasses - DF1 and DF2.
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Figure 6.15: Housing of SF3 filter.

Figure 6.16: Two optical and mechanical parts of SF1 filter ready for an assemble.
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Figure 6.17: Housing for the SF1 inclination sub-filter.
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Contents of enclosed CD
e Ph.D. thesis in original latex files and final pdf version
e MATLAB BF toolbox

e Universal birefringent filter mechanics in Solid Edge data format (ASM and PAR
files)

e Optical design of solar telescope utilizing universal birefringent filter in ZEMAX

data format
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