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TOWARD POLARIMETRY WITH GREGOR  TESTING
THE GREGOR POLARIMETRIC UNIT
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An der Sternwarte 16, 14482 Potsdam, Germany

Abstra t. The new 1.5 m solar teles ope GREGOR with modern s ienti

instrumenta-

tion will be ome operational in the near future. The GREGOR Polarimetri

Unit (GPU)

for the

alibration of polarimetri

measurements with any post-fo al devi e has been

developed at the Astrophysi al Institute Potsdam (AIP). Here we des ribe details of the
extensive test measurements made in the laboratory of the Solar Observatory Einsteinturm.
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1. Introdu tion
GREGOR is a

ommon proje t of a modern 1.5 m solar teles ope (Volk-

mer et al., 2007)

ondu ted by a German

onsortium

onsisting of the

Kiepenheuer-Institut für Sonnenphysik in Freiburg (KIS), the Astrophysikalis hes Institut Potsdam (AIP), the Institut für Astrophysik in Göttingen (IAG; leaving in 2008), and the Max Plan k Institute for Solar System Resear h (MPS; joining in 2008). Further international partners are
the Astronomi al Institute Ond°ejov (Cze h Republi ) and the Instituto
de Astrofísi a de Canarias (Tenerife, Spain). The teles ope will be ome
operational in the near future. GREGOR's teles ope

on ept and opti al

s heme are designed for high spatial resolution as well as high resolution
spe tro-polarimetry. Among the rst post-fo us instruments are the GREGOR Fabry Perot Interferometer (GFPI  Pus hmann et al., 2006) whi h
is now

ompleted and operated by the AIP (Balthasar et al., 2009) and

the Tenerife Infrared Polarimeter II (TIP II  Collados et al., 2007). Both
instruments require

areful polarimetri

the GREGOR Polarimetri
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alibration whi h is provided by

Unit (GPU), designed and built by the AIP. A
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Figure 1:

Left: The me hani al stru ture of the teles ope at the top of the building at

Izaña/Tenerife. Right: Basi

opti al s heme of GREGOR. M or F indi ate mirrors or

fo i, respe tively. Courtesy of GREGOR- onsortium.

general overview is given by Hofmann (2008). Here we des ribe results of
extensive test measurement series

arried out in the opti al laboratory of

the Solar Observatory Einsteinturm.

2. The GPU  General remarks
The main fun tion of the GPU is to

alibrate any post-fo us polarimeter.

For this reason it has to fulll two tasks: (i) it takes
polarization indu ed by opti al
and the polarimeter; (ii) it

are of the instrumental

omponents between the

alibration opti s

alibrates the performan e of the polarimeter.

The lo ation of the GPU in the opti al system of GREGOR is determined
by the required a

ura y of polarimetri

measurements. This a

ura y is

strongly inuen ed by instrumental polarization produ ed by the ree tions
on mirrors in front of the analyzing system, i.e., any post-fo us polarimeter.
The ee t in reases with the angle of ree tion. Therefore, the required
optimum position to perform the polarimetri

alibration is early in the

teles ope beam, before the rotational symmetry of the light path is broken
by any oblique ree tion. In this part of the teles ope it

an be regarded

−4 level (San hez Almeida and Martinez Pillet,
as polarization free at a 10
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Figure 2:

The GPU in front of the spe trograph slit in the laboratory of the Solar

Observatory Einsteinturm.

1992). For this reason, the polarimetri

unit shall be lo ated in the shadow

of the Nasmyth mirror M4 using the narrow beam

lose to the se ondary

fo us F2 ( f. Figure 1). For further test and adjustment purposes, the GPU
provides additional fun tions. In the non-polarimetri

mode, a free aperture

and a pinhole are available. The latter allows, for example, the adjustment
of the Adaptive Opti s system. In the polarimetri
alibration opti s

mode,

an be pla ed in the beam and

to the requirements of the

omponents of the

an be rotated a

ording

alibration s heme. In both modes, a grid target

for s ale determination and alignment is available.
These fun tions are implemented by devi es mounted on two wheels
(see also Figure 2 in Hofmann, 2008) whi h

arry all the needed opti al

omponents in pre ision mounts. An independent and remote

ontrol of all

fun tions is provided using a LabView user interfa e. The me hani al, optial and

ontrolling

omponents have been tested to guarantee the ne essary

quality.
The

alibration opti s

a hromati

onsists of a linear polarizer (rotatable) and two

quarter wave plates (rotatable) whi h are in use alternatively

for visual range or infrared observations. However, the power density of
about 25 W/ m
treme

2 and the large

onditions for polarimetry whi h require new ways for the

Cent. Eur. Astrophys. Bull.
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one angle of the beam (±5.8 ) are ex-
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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.

opti s. An air spa ed Marple-Hess prism (spe i

onguration of a double

Glan prism) was designed as linear polarizer to withstand the power density
and to realize the high distin tion ratio of at least 10

−5 needed. Combined

zero-order waveplates of polymethylmeta rylat (PMMA) were designed by
Astropribor (Kiev, Ukraine) as supera hromati
gular a

retarders for the high an-

eptan e being ne essary.

3. Testing the Calibration Opti es
3.1.

The Linear Polarizer (Prism)

Two linear polarizers adjusted for maximum transition were mounted behind
or in front of the GPU, respe tively. Thus the prism

an be rotated in linear

polarized light and the measured intensity depends not from any linear
polarization of the light sour e or the sensitivity of the spe trograph against
any linear polarization. The variation of the intensity depends only on the

ϕ. With S2 = sin 2ϕ and C2 = cos 2ϕ, the intensity variation
= 0.25 · [(k1 + k2 ) + 2(k1 − k2 )C2 + (k1 + k2 )C22 + 2k1 k2 S22 ]Io .

rotation angle

′
is given by I

There are two maxima and two minima of intensity when rotating the prism
by

360◦ .

Two of them are shown in Figure 3 and

an be used to obtain

k1 and k2 of maximum and minimum transmission. With
k1 = 116454 and k2 = 0.225 we a hieve an extin tion ratio of er = k2 /k1 ≈
2 × 10−6 or a ontrast ratio of cr = k1 /k2 ≈ 500000 : 1.
the parameters

4
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Figure 4:

Wavelength dependen y for the position of extin tion.

The position of the extin tion was determined analogously to the left
of Figure 3 over a broad range of wavelengths. The measured variation of
0.0083 deg/1000nm lies in the range of errors as shown in Figure 4.

3.2.
For

The Retarders (PMMA Waveplates)
ombined zero-order retarders, the position of the fast axis

hanges

with wavelength. This was measured by the standard method for

irdular

retarders, i.e., rotating the retarder between parallel polarizers. The observed intensity is des ribed by
(ϕ  rotation angle,

δ

I ′ = 0.5 · [1 − 1/2 · sin2 2ϕ · (1 − cos δ)] · Io

 retardan e). The intensity

urve shows maxima

when the fast or slow axis are parallel (ϕ

= n · π/2) to the transmission
◦
axes of the polarizers and minima when they are 45 between. The pro e◦
◦
dure is symmetri al by 180 , and, in prin iple, a rotation over a 180 range
is su ient. We rotated the retarders by a full
surements per wavelength point) to

ir le (i.e., 72 intensity mea-

ompensate for residual ee ts of beam

tumbling and to double the number of values in luded in the

al ulation of

the position angle and retardan e. We nd four maxima and four minima.
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Figure 5:

Wavelength dependen y for parameters of the retarders for visible (solid lines)

and IR (dash-dot lines) spe tral range. Left: Position of fast axis, right: Retardan e.

The
paraboli

positions

and

intensities

of

all

extrema

were

determined

by

ts. Measurements were performed in the ranges 379 nm  980 nm

(retarder for visible range) and 656 nm  1105 nm (retarder for IR-range),
respe tively. 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 / hI ′
hImin
max i = 0.5 · (1 + cos δ)

whi h

an be used

to determine the retardan es shown in the right part of Figure 5.

4. Cal ulation of Polarimetri E ien y
The polarization of the beam leaving the GPU is des ribed by its Stokesve tor whi h is given by:

~
S~ ′ = (I ′ , Q′ , U ′ , V ′ ) = G(ϕ2 , δ) P(ϕ1 , k1 , k2 ) · S
where

~
S

is the Stokes-ve tor of the input beam.

P

and

G

(1)

are the Müller-

ϕ1
ϕ2 against any referen e system and their transmission parameters k1
+
−
∗
and k2 or retardation δ , respe tively. With k = k1 +k2 , k = k1 −k2 , k =
k1 ·k2 , S1 = sin 2ϕ1 , C1 = cos 2ϕ1 , S2 = sin 2ϕ2 , and C2 = cos 2ϕ2 we obtain:
matri es of the polarizer and the retarder, depending on their rotations

and

6
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I ′ = 0.5 (k+ I + C1 k− Q + S1 k− U )

(2)

′

Q = 0.5 (fiq I + fqq Q + fuq U + fvq V )

(3)

fiq = [(C22 + S22 cos δ)C1 + S2 C2 (1 − cos δ)S1 ] k−

where

fqq = (C22 +S22 cos δ) (k+ C12 +2k∗ S12 )+S2 C2 (1−cos δ) S1 C1 (k+ −2k∗ )
fuq = (C22 +S22 cos δ) S1 C1 (k+ −2k∗ )+S2 C2 (1−cos δ) (k+ S12 +2k∗ C12 )
fvq = −2k∗ S2 sin δ
U ′ = 0.5 (fiu I + fqu Q + fuu U + fvu V )

(4)

fiu = [(S2 C2 (1 − cos δ) C1 + (S22 + C22 cos δ) S1 ] k−

where

fqu = (S2 C2 (1−cos δ)(k+ C12 +2k∗ S12 )+(S22 +C22 cos δ)S1 C1 (k+ −2k∗ )
fuu = (S2 C2 (1−cos δ) (S1 C1 (k+ −2k∗ )+(S22 C22 cos δ) (k+ S12 +2k∗ C12 )
fvu = 2k∗ C2 sin δ
V ′ = 0.5 (fiv I + fqv Q + fuv U + fvv V )

(5)

fiv = [S2 C1 − C2 S1 ] k− sin δ

where

fqv = [S2 (k+ C12 + 2k∗ S12 ) − (C2 S1 C1 (k+ − 2k∗ )] sin δ
fuv = [S2 S1 C1 (k+ − 2k∗ ) − (C2 (k+ S12 + 2k∗ C12 )] sin δ
fvv = 2k∗ cos δ
We sele t the referen e system so that it is related to the transmission axis
of the polarizer. In this

ase, we have

ϕ1 = 0 → C1 ≡ 1, S1 ≡ 0

and the

equations are redu ed to:

I ′ = 0.5 {(k+ I + k− Q}
Q

′

= 0.5

{(C22

+

S22 cos δ)

(6)

(k

−

I +k

+

Q)

∗

+ 2k [S2 C2 (1 − cos δ) U − S2 sin δ V ]}
U

′

= 0.5 {S2 C2 (1 − cos δ) (k
+ 2k

V

′

∗

[(S22 +
−

= 0.5 {S2 sin δ(k

Cent. Eur. Astrophys. Bull.
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I +k

C22 cos δ)
+

I +k
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+

Q)

U + C2 sin δ V ]}
∗

(7)

Q) − 2k [C2 sin δ U + cos δ V ]}

(8)
(9)

7

RUNNING TITLE CAN BE DEFINED BY \def\gore{SHORT TITLE}

Figure 6:

E ien y of the GPU in generating

Equations 69

an be used to

ir ular polarized light.

al ulate how e ient the polarization

opti s produ es any state of polarization. Figure 6 shows the results if the
GPU is in use for generating

ir ular 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 xed to one optimum angle over the whole wavelength range. The righthand graphs

orrespond to the typi al situation in solar physi s where the

polarimetry is done in a very narrow spe tral range, i.e., in this
tarder is rotated to the

45◦ -position of its axis at ea

ase the re-

h wavelength a

ording

to the angular behavior shown in the left part of Figure 5. The parameters
are found to be very

lose to the ideal ones (V

′

≡ 1, Q′ = U ′ = 0)

over

the whole wavelength range. These ideal parameters are rea hed only at the
wavelengths where

8

δ = 90◦

(exa t quarter-wave retardation).
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Dis ussion and Summary
The opti al

hara teristi s of the linear polarizers and retarders have been

tested in great detail. The parameters are very
But even in the

lose to the expe ted values.

ase of deviations from the ideal

ase, our pre ise measure-

ments of the parameters will allow to determine the ne essary

orre tion

matri es. Then, the routines applied to the observational data will allow
high pre ision polarimetri
the ne essary

measurements. Of

ourse, it is promising that

orre tions are expe ted to be very small.

−5 and 10−6 of the linear polarizer,
◦
ura y of λ/100 of the waveplates, and an a ura y of 0.1

The high extin tion ratio between 10
the retardation a

for the rotational position angles will enable to measure the Müller-matri es
at a 10
neti

−4 level being a pre ondition for high-pre ision measurements of mag-

elds and plasma motions in the solar photosphere and

hromosphere

down to the aspired s ales of 70 km on the Sun.
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