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TOWARD POLARIMETRY WITH GREGOR - TESTING
THE GREGOR POLARIMETRIC UNIT
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Abstract. The new 1.5 m solar telescope GREGOR with modern scientific instrumenta-
tion will become operational in the near future. The GREGOR Polarimetric Unit (GPU)
for the calibration of polarimetric measurements with any post-focal device has been
developed at the Astrophysical Institute Potsdam (AIP). Here we describe details of the
extensive test measurements made in the laboratory of the Solar Observatory “Einstein-
turm”.
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1. Introduction

GREGOR is a common project of a modern 1.5 m solar telescope (Volk-
mer et al., 2007) conducted by a German consortium consisting of the
Kiepenheuer-Institut fiir Sonnenphysik in Freiburg (KIS), the Astrophysika-
lisches Institut Potsdam (AIP), the Institut fiir Astrophysik in Gottin-
gen (IAG; leaving in 2008), and the Max Planck Institute for Solar Sys-
tem Research (MPS; joining in 2008). Further international partners are
the Astronomical Institute Ondfejov (Czech Republic) and the Instituto
de Astrofisica de Canarias (Tenerife, Spain). The telescope will become
operational in the near future. GREGOR’s telescope concept and optical
scheme are designed for high spatial resolution as well as high resolution
spectro-polarimetry. Among the first post-focus instruments are the GRE-
GOR Fabry Perot Interferometer (GFPI — Puschmann et al., 2006) which
is now completed and operated by the AIP (Balthasar et al., 2009) and
the Tenerife Infrared Polarimeter II (TIPII — Collados et al., 2007). Both
instruments require careful polarimetric calibration which is provided by
the GREGOR Polarimetric Unit (GPU), designed and built by the AIP. A
general overview is given by Hofmann (2008). Here we describe results of
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Figure 1: Left: The mechanical structure of the telescope at the top of the building at
Izafia/Tenerife. Right: Basic optical scheme of GREGOR. M or F indicate mirrors or
foci, respectively. Courtesy of GREGOR-consortium.

extensive test measurement series carried out in the optical laboratory of
the Solar Observatory “Einsteinturm”.

2. The GPU — General Remarks

The main function of the GPU is to calibrate any post-focus polarimeter.
For this reason it has to fulfil two tasks: (i) it takes care of the instrumental
polarization induced by optical components between the calibration optics
and the polarimeter; (ii) it calibrates the performance of the polarimeter.
The location of the GPU in the optical system of GREGOR is determined
by the required accuracy of polarimetric measurements. This accuracy is
strongly influenced by instrumental polarization produced by the reflections
on mirrors in front of the analysing system, i.e., any post-focus polarimeter.
The effect increases with the angle of reflection. Therefore, the required
optimum position to perform the polarimetric calibration is early in the
telescope beam, before the rotational symmetry of the light path is broken
by any oblique reflection. In this part of the telescope it can be regarded
as polarization free at a 10~* level (Sanchez Almeida and Martinez Pillet,
1992). For this reason, the polarimetric unit shall be located in the shadow
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Figure 2: The GPU in front of the spectrograph slit in the laboratory of the Solar
Observatory Einsteinturm.

of the Nasmyth mirror M4 using the narrow beam close to the secondary
focus F2 (cf. Figure 1). For further test and adjustment purposes, the GPU
provides additional functions. In the non-polarimetric mode, a free aperture
and a pinhole are available. The latter allows, for example, the adjustment
of the Adaptive Optics system. In the polarimetric mode, components of the
calibration optics can be placed in the beam and can be rotated according
to the requirements of the calibration scheme. In both modes, a grid target
for scale determination and alignment is available.

These functions are implemented by devices mounted on two wheels
(see also Figure 2 in Hofmann, 2008) which carry all the needed optical
components in precision mounts. An independent and remote control of all
functions is provided using a LabView user interface. The mechanical, opti-
cal and controlling components have been tested to guarantee the necessary
quality.

The calibration optics consists of a linear polarizer (rotatable) and two
achromatic quarter wave plates (rotatable) which are in use alternatively
for visual range or infrared observations. However, the power density of
about 25 W/cm? and the large cone angle of the beam (45.8°) are ex-
treme conditions for polarimetry which require new ways for the calibration
optics. An air spaced Marple-Hess prism (specific configuration of a dou-
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Figure 3: Intensities for rotating the prism in linear polarized light. Left: Rotation around
minimum transmission, right: Rotation around maximum transmission.

ble Glan prism) was designed as linear polarizer to withstand the power
density and to realize the high distinction ratio of at least 10™° needed.
Combined zero-order wave plates of polymethylmetacrylat (PMMA) were
designed by Astropribor (Kiev, Ukraine) as superachromatic retarders for
the high angular acceptance being necessary.

3. Testing the Calibration Optices
3.1. THE LINEAR POLARIZER (PRISM)

Two linear polarizers adjusted for maximum transition were mounted behind
or in front of the GPU, respectively. Thus the prism can be rotated in linear
polarized light and the measured intensity depends not from any linear
polarization of the light source or the sensitivity of the spectrograph against
any linear polarization. The variation of the intensity depends only on the
rotation angle . With §2 = sin 2¢ and C2 = cos 2¢p, the intensity variation
is given by I' = 0.25-[(k1 + ko) +2(k1 — k2)C2+ (k1 + k2)C22 + 2k k9 S22]1,.
There are two maxima and two minima of intensity when rotating the prism
by 360°. Two of them are shown in Figure 3 and can be used to obtain
the parameters k; and ko of maximum and minimum transmission. With
k1 = 116454 and ky = 0.225 we achieve an extinction ratio of er = ka/k1 =~
2 x 107 or a contrast ratio of cr = k1/ko =~ 500000 : 1.

The position of the extinction was determined analogously to the left
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Figure 4: Wavelength dependency for the position of extinction.

part of Figure 3 over a broad wavelength range. The variation of 0.0083
deg/1000nm shown in Figure 4 is in the range of the measurement errors.

3.2. THE RETARDERS (PMMA WAVEPLATES)

For combined zero-order retarders, the position of the fast axis changes
with wavelength. This was measured by the standard method for circular
retarders, i.e., rotating the retarder between parallel polarizers. The ob-
served intensity is described by I’ = 0.5-[1 — 1/2 -sin?2¢ - (1 — cosd)] - I,
(¢ — rotation angle, & — retardance). The intensity curve shows maxima
when the fast or slow axis are parallel (¢ = n - 7/2) to the transmission
axes of the polarizers and minima when they are 45° between. The proce-
dure is symmetrical by 180°, and, in principle, a rotation over a 180° range
is sufficient. We rotated the retarders by a full circle (i.e., 72 intensity mea-
surements per wavelength point) to compensate for residual effects of beam
tumbling and to double the number of values included in the calculation of
the position angle and retardance. We find four maxima and four minima.

The positions and intensities of all extrema were determined by
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Figure 5: Wavelength dependency for parameters of the retarders for visible (solid lines)
and IR (dash-dot lines) spectral range. Left: Position of fast axis, right: Retardance.

parabolic fits. Measurements were performed in the ranges 379 nm — 980 nm
(retarder for visible range) and 656 nm — 1105nm (retarder for IR-range),
respectively. The variation of the position angle is shown in the left part of
Figure 5. The ratio between the average of the minima and the average of

the maxima is given by (I} . ) /(I ) = 0.5-(1+ cosd) which can be used
to determine the retardances shown in the right part of Figure 5.

4. Calculation of Polarimetric Efficiency

The polarization of the beam leaving the GPU is described by its Stokes-

vector which is given by:

§ = (I',Q',U", V') = G(p2,8) P(e1, k1, ko) - § (1)
where S is the Stokes-vector of the input beam. P and G are the Miiller-

matrices of the polarizer and the retarder, depending on their rotations ¢
and @9 against any reference system and their transmission parameters k;
and ks or retardation 4, respectively. With
kT =ki+koy, k- =ki — ko, K* =Fkq-ko,
S1 =sin2p;, C] = cos2¢pq,
So =sin2ps and Co = cos2po

we obtain:
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I' =05 (k"I 4+ Cik~Q + S1k7U) (2)
Q' =05 (fig I+ foq @+ fug U+ fog V) (3)
where f;; = [(C3 + S3 cos §)C1 + SaCa(1 — cosd)S1] k™
fag = (C3+S2cosé) (kTC?+2k*S52)+S2C2(1—cosd) S1C1 (kT —2k*)
fuq = (C3+53 cos §) S1Cy (Kt —2k*)+S52Ca(1—cos §) (k+S2+2k*C?)
fvg = —2k* Sysind

U' =05 (fiu I+ fau Q@+ fuu U+ fou V) (4)
where fi, = [(S2C2(1 — cos§) C1 + (52 + C% cosd) S1] k™
fou = (S2C2(1—cos8)(kTC2+2k*52)+ (S5 +C% cos §)S1C1 (kT —2k*)
fuu = (S202(1—cos §) (101 (k+ —2k*)+(S2C% cos &) (kT S?+2k*C?)
fou = 2k* Cysiné

V=05 (fio I+ foo @+ fuo U+ fou V) (5)
where fi, = [S2C1 — C251] k™ siné
Foo = [Sa(kT C2 + 2k* S2) — (C25:Cy (kT — 2k*)]sin 6
fuo = [S281C1(kT — 2k*) — (Co(kt S? 4 2k* C%)]siné
foo = 2k* cosé

We select the reference system so that it is related to the transmission axis
of the polarizer. In this case, we have ;1 = 0 — C; = 1,51 = 0 and the
equations are reduced to:

I' = 05{(kTI+k™ Q} (6)
Q = 0.5{(C3+S3cosd) (k~ I+kT Q)

+ 2k™ [S2C5(1 — cosd) U — Sysinéd V|} (7)
U = 0.5{9C(1—cosd) (k- I+k' Q)

+ 2k* [(S2 + C2 cos§) U + Cosind V]} (8)

V' = 0.5{Sysind(k” I+k* Q)—2k* [Casiné U +cosd V]} (9)
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Figure 6: Efficiency of the GPU in generating circular polarized light.

Equations 6-9 can be used to calculate how efficient the polarization
optics produces any state of polarization. Figure 6 shows the results if the
GPU is in use for generating circular polarization (Stokes-V). The parame-
ters are related to the intensity (I'). In the left-hand graphs is assumed that
the retarder is rotated by 45° to the maximum transmission of the prism
but fixed to one optimum angle over the whole wavelength range. The right-
hand graphs correspond to the typical situation in solar physics where the
polarimetry is done in a very narrow spectral range, i.e., in this case the re-
tarder is rotated to the 45°-position of its axis at each wavelength according
to the angular behaviour shown in the left part of Figure 5. The parameters
are found to be very close to the ideal ones (V' = 1,Q' = U’ = 0) over
the whole wavelength range. These ideal parameters are reached only at the
wavelengths where § = 90° (exact quarter-wave retardation).

324 Cent. Eur. Astrophys. Bull. 33 (2009) 1, 317-325

Hvar Observatory, Faculty of Geodesy * Provided by the NASA Astrophysics Data System



.33..317H

2009CEAB.

TESTING THE GREGOR POLARIMETRIC UNIT

5. Discussion and Summary

The optical characteristics of the linear polarizers and retarders have been
tested in great detail. The parameters are very close to the expected values.
But even in the case of deviations from the ideal case, our precise measure-
ments of the parameters will allow to determine the necessary correction
matrices. Then, the routines applied to the observational data will allow
high precision polarimetric measurements. Of course, it is promising that
the necessary corrections are expected to be very small.

The high extinction ratio between 1075 and 107 of the linear polarizer,
the retardation accuracy of A/100 of the waveplates, and an accuracy of 0.1°
for the rotational position angles will enable to measure the Miiller-matrices
at a 1074 level being a precondition for high-precision measurements of mag-
netic fields and plasma motions in the solar photosphere and chromosphere
down to the aspired scales of 70 km on the Sun.
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