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ABSTRACT

Context. Narrowband imaging spectropolarimetry is one of the most powerfis eailable to infer information about the intensity
and topology of the magnetic fields present in extended plasma structdihessolar atmosphere.

Aims. We describe the instrumental set-up and the observing proceduregliavwe developed and optimized at the Istituto Ricerche
Solari Locarno in order to perform imaging spectropolarimetry. A measent that highlights the potential of the ensuing observa-
tions for magnetic field diagnostics in solar prominences is presented.

Methods. Monochromatic images of solar prominences were obtained by comtartingable narrowband filter, based on two Fabry-
Perot etalons, with a Czerny-Turner spectrograph. Linear andaingolarization were measured at every pixel of the monochromatic
image with the Zurich Imaging Polarimeter, ZIMPOL. A wavelength scanpeaformed across the profile of the considered spectral
line. The HAZEL inversion code was applied to the observed Stokes modilmfer a series of physical properties of the observed
structure.

Results. We carried out a spectropolarimetric observation of a prominencsisting of a set of quasi-monochromatic images across
the Her D; line at 5876 A in the four Stokes parameters. The map of observedsSpokéiles was inverted with HAZEL, finding
magnetic fields with intensities between 15 and 30 G and directed along theo§reeprominence, which is in agreement with the
results of previous works.

Key words. Magnetic fields - Techniques: imaging spectroscopy - Techniquesimelaic - Instrumentation: polarimeters - Sun:
filaments, prominences - Sun: magnetic topology

1. Introduction one-dimensional field-of-view). At the Istituto Ricerchel&i
Locarno (IRSOL), measurements of polarization in solanpfo
nences and spicules in the HéD; multiplet have been per-
formed with the slit-spectrograph configuration. The Ssoe-
files were inverted using the HAZEL code, and magnetic field
strengths between 20G and 40 G were found (Ramelli et al.

The polarization of spectral line radiation contains a weaf
information about the physical and geometrical properties
the emitting plasma. Powerful diagnostic techniques, wieix-
ploit the theoretical interpretation of spectropolarirhpbb_ser— 2011; Ramelli & Bianda 2005: Ramelli et al. 2006).
vations, have been developed and successfully appliedér to - o S - ]
investigate the solar atmosphere and, in particular, itgmatism Several_ investigations of fche magnetic fields in solar promi
(e.g., Stenflo 1994; Landi Degl'lnnocenti & Landolfi 20041 dgences using a two-dimensional (2D) map of Stokes profiles
Toro Iniesta 2007). During the last decades, particufforts, have be_e_n carried out in recent years. V_Ve mention here the wor
both from a theoretical and observational point of view,ehaly Casini et al. (2003), who used a slit-spectrograph and per
been devoted to the diagnostics of the magnetic fields in $8tmed a scan over the prominence by changing the slit positi
lar prominences, exploiting the combined action of the anf he observations were carried out at the Dunn Solar Telescop
and Zeemanféects in particular spectral lines, such asiHe, A map of the magnetic field was obtained by applying an inver-
at 5876 A and He 10830 A (Sahal-Brechot et al. 1977; BomSiOn method based on principal component analysis (Catsahi e
mier & Sahal-Brechot 1978; Landi Degl'Innocenti 1982; BomZOOS). The inferred magnetic field was mainly horizontahveit

mier et al. 1994a; Lin et al. 1998; Trujillo Bueno et al. 20025rength between 10G and 20 G.

Casini et al. 2003; Merenda et al. 2006; Ramelli et al. 2006; More recently, Orozco Suarez et al. (2014) obtained a map
Martinez Gonzalez et al. 2012, and references therein). IA wef the magnetic field in prominence threads, using the saitie sl
experimented technique to perform spectropolarimetri@-mescanning technique with the Tenerife Infrared PolarimgréP)
surements in solar prominences is to combine a slit-spgreiph - at the German Vacuum Tower Telescope (VTT) at the Obser-
with a polarimeter (Leroy et al. 1977; Bommier et al. 1994lyatorio del Teide (Spain). Although this method provideghhi
Paletou et al. 2001). With this set-up, Stokes profiles can $gectral resolution (11 mA), the long time lapse between the
measured at every point along the spectrograph slit (irea o measurements with fierent slit positions (the scan of the whole
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field-of-view took approximately 1.5 hours) may potentiaf-
fect the spatial coherence of the measurement. Interégtthis \ )
possible drawback was not encountered by Martinez Gonzé (

N

et al. (2015), who observed a quiescent prominence by apf. Q«@)x Telescope
ing the slit-scanning technique and obtained consistentlte @ Focalplane 1
on four consecutive scans, each lasting 30 minutes. FANOL camera %’CO

In this paper, we present the instrumental set-up and 1 @ -
observing procedure that we have developed and optimizec| 3 /\g’ “ /Q
IRSOL in order to perform imaging spectropolarimetry in s¢| o e =R 45 T & 3 C
lar prominences. Imaging observations were obtained with ' Q\/ —
voltage-tunable narrowband filter based on Fabry-Pertreta g aeF
(FPE). The polarimetric analysis was performed with thec&ur
IMaging POLarimeter (ZIMPOL). The proposed observing tecl G M o \LF e

nique has a very promising diagnostic potential as it presid
spatially-coherent maps of the magnetic field vector, algfmoit
somehow sacrifices the temporal coherence.

The instrumental set-up is described in Sect. 2. The obse
ing procedure and the data reduction technique are distursse
Sect. 3, where particular attention is paid to the charaeter
tion and correction of instrumental polarization as weltathe R
subtraction of stray light. In Sect. 4, we provide a detailied CM@ h
scription of an observation of a prominence in theHB line, v
and we highlight its diagnostic potential by showing the m L
of the magnetic field vector that has been obtained from thea[ﬂ.g' 1. Instrumental set-up. A tunable narrowband imaging filter is ob-

. . ! . ained by coupling two Fabry-Perot etalons (FPE) with a high resolution
version of the observed Stokes profiles. The inversion was p,

. . . A ?pectrometer based on a reflection grating (G). The set-up includes the
formed with a two-dimensional distribution of the HAZEL @d {5 0ing: calibration optics (CO), a modulator (MOD), an interfero-

(Asensio Ramos et al. 2008). Concluding remarks are pravid@etric pre-filter (IF), flat mirrors (M), collimating mirrors (CM), imag-
in Sect. 5. ing mirrors (IM), a linear polarizer (LP), and reduction optics (RO).

Field selector/slit M
Focal plane 3

2. Instrumentation lar speed. This rotation is numerically compensated in #ta d
i ] reduction as described in Sect. 3.

The observations were performed with the 45cm aperture pefiections between internal optical components in the dou-
Gregory-Coudé telescope of the Istituto Ricerche Solad Lgje FL.C modulator can produce instrumental polarizatiod an
camo (IRSOL). A schematic layout of the instrumental Set-Yinges. The intensity of the fringes is maximal when the mod
is shown in Fig. 1. A narrowband imaging filter was obtainegior is perfectly perpendicular to the beam. By tilting thedu-
by combining two voltage-tunable LINBCFPES and a high- |ator, the amplitude of fringes decreases below/10 fractional
resolution Czerny-Turner spectrograph (for details seeirkl polarization. Internal reflections in the modulator alsaeyate
et al. 2011). Pola_1r|zat|on measurements were carried otfit Wy secondary (ghost) image of the solar disk, which is prejct
ZIMPOL (Ramelli et al. 2010), which allows for one to reachy, ihe sensor. Since these ghost image beams are not modulate
polarimetric sensitivities on the order of F0 This set-up allows with the same scheme as the principal beam, they are a possi-
one to perform quasi-monochromatic (35mA spectral widtile source of spurious polarization signals. Figure 2 shibes
full-Stokes imaging polarimetry on a field-of-view (FOV) ofinstrumental polarization, which results in a polarizeddo-
about 6% x 193”. This configuration exploits the spectrograp@alized near the limb. The four measurements shown in panels
grating in order to select the FPE channels, thus allowinglte (a3)—(d) of Fig. 2 were performed with fiiérent orientations of
servations in any spectral line from 390 nm to 660 nm withofie solar limb on the modulator. From the observations, we de
the need for dedicated narrowband pre-filters. duce that the ghost image of the disk is shifted perpendigula

The existing FPE set-up (see Kleint et al. 2011) was modifigglthe tilt axis of the modulator, which is vertical on the iopt
considering that prominences are observédimb. The main bench. The amplitude of the instrumental polarization igten
changes are the following: (a) the de-rotator was abandtmedbrder of 1%, which is, in the worst case, one order of mageitud
reduce spuriousfiects and increase the instrument transmikigher than the expected fractional polarization signalweet
tance; and (b) the photoelastic modulator (MOD in Fig. 1) was measure. The tilt angle of the modulator must be carefully
replaced by a modulator based on two ferroelectric liguydta chosen to balance these twieets (interference fringes and in-
retarders (FLC; Gisler et al. 2003). This modulator, whicsw ternal polarizing reflections). To minimize the width of thend
build following the principles described in Gisler et al0@), affected by the disk image reflection, the modulator was set as

allows for a full-Stokes analysis and can perform high festty  close to the focal plane as possible, thus minimizing thé shi
(1 kHz) modulation to avoid spurious seeing-induced ctali&s between the primary and the secondary images.

between dferent Stokes parameters. A SynChronOUS demodu- A motorized mask Covering the solar photosphere was in-

lation was performed with the ZIMPOL camera, which has &ajled in the focal plane (see Fig. 1) to avoid the satunatio
masked CCD sensor equipped with cylindrical microlenses (fthe sensor on the diskThis allows for an increase in the expo-
details see Ramelli et al. 2010).

The absence of the optical de-rotator implies a rotatioh®f t 1 \we note that the ZIMPOL technique allows one to fix a high modu-
solar image. Since IRSOL's telescope has an equatorial thougtion and demodulation frequency (in these measurements 1kHz), in-
the image rotates with respect to the sensor with a constgnta dependently of the exposure time.
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the spectrograph and of the FPE. This procedure permitsoone t
calculate the voltages at which the FPEs have to be set im orde
| to select the desired wavelength at a given temperatureoTo d
so, we first obtained a reference spectrum by placing a dlit at
cal plane 3 (see Fig. 1) with the two FPEs out of the beam. The
% obtained spectra were then cross-correlated with the FIBS at
: (Kurucz et al. 1984). Subsequently, the FPEs were insented i
the beam and tuning was performed by changing the voltage. We
note that the second FPE was tilted by abolit vith respect to
the optical axis to avoid ghost images on the camera, whigh ar
produced by internal reflections of the interferometers {fe-
tails see Kleint et al. 2011). The resulting transmissioecsa
provide the required values in order to tune the FPEs.

The polarization calibration measurements were obtained
with respect to a Stokes reference system fixed with the ebser
vatory, where the StokesQ was chosen to lay on the vertical
plane along the beam at focus 2. The linear polarizatiort cali
bration measurements were carried out with a linear pagriz
which was inserted before the FLC modulator, that is to say ro
tated in four dfferent positions corresponding +®@, +U, —Q,
and-U. The two circular polarization calibration measurements
(+V, -V) were obtained by adding a quarter-wave plate retarder.

The observation consists of a series of 2D monochromatic
full-Stokes measurements performed at the wavelengthsecho
to sample the considered spectral line. Such measuremengs w
carried out one after the other with a given integration tiee
entations on the modulator. The intensity imagdlows one to see the measurement was also performed at a continuum wavelength

limb position. In the polarization images, artifacts due to the ghost ir{packgro_und image) to qu_antlfy the IntenSIty_ and pOIa.mt
ages (originated by the solar disk) are seen as a band immediately alsgatribution of the dfused light and of the continuum emission.
the solar limb. These are more evident in column (a) where the modi?€ demodulation matrix determined with the calibratiom- pe
lator is tilted and placed in an unfavorable position. The field of view its one to get a Stokes image that needs to be further reduced

65" x 195'. A standard flat fielding was carried out for each wavelength
step by moving the telescope randomly around quiet regions
close to the solar disk center approximatively every 30 nrin.
order to take the constant image rotation°(hbur) into account,

@ (b)

Fig. 2. Panels (a)—(d) show four measurements witfedént limb ori-

sure time of a single frame, thus improving the signal-ts@o

ratio in of-limb observatilons. The m_ask rotates with an angulme observed image was numerically rotated in order to Hae t
speed that matches the image rotation. _limb oriented along a chosen direction (for instance the-hor
The FPE spectral channel wavelength depends on the i htal direction, as seen in Figure 3). The StoResndU axes

dence angle of the light, as described by Kleint et al. (2014)00 550 rotated from the basis fixed to the observatory & a b

Since FPEs are in a collimated set-up, beam bundles ORgINGL fiyeq to the solar image, so the® was oriented parallel to
ing from distinct image points have ftirent incidence anglesthe solar limb at the observéd position

on the étalons and, thereforeffdrent transmitted wavelengths. As the modulator was set after the folding mirrors of the

This dfect, called blue-shift, can be measured and Stokes pfRrgcope, the instrumental polarization produced by éhe- t
files were corrected accordingly, as described in Sect. 3.

Another inst talféect that 4s to b tod is i scope itself generated cross-talks between the Stokesczomp
gof er |rt1.s rur_Pﬁln alfeect | a tft"?g tsdot ety?orfre;f €0 IS IMpents, These were corrected for by considering that theewliill
age deformation. This is mainly attributed to the followived ,5;riy of the telescope is almost constant during one salgr d
sources: anamorphic reflection on the grating and the asgmmg, -« it only depends on the declination of the pointingatice.
ric sampling of sensor p|xe|s.(KIe|nt et al. 2011). In fadtet The cross-talk from intensity to polarized components was
ZIMPOL demodulation technique requires one to mask thrggr

: : LU ; rected for considering the meaffset from zero in Stokes
out of four pixel rows. Since the grating is illuminated bya@-C ) "y /| " and\v/I obtained in the flat field measurements. To
limated beam, distinct image points have #atient incidence X '

nale on the arating. In addition. the reflection anal ot measure the linear to circular polarization cross-talkiocients
angle on the grating. In addition, the reflection angle fiedent ¢ 4,0 \yijiier matrix with a few percent precision, a lineatare
from the incidence angle, generating anamorphic refleciion

Lo izer was installed in front of the telescope at foutelient orien-
compensate for the deformation introduced by the sensdk-m b

: X X : : X tions (0,+45°, 9¢°, and -45 with respect to the hour circle).
ing and anamorphic reflection, the image array is horizontalry g ireyiar to linear polarization cross-talk @oeients were
binned to restore correct proportions.

determined considering the symmetries of the theoreticaldvl
matrix described by Sanchez Almeida et al. (1991).

The background measurement was then subtracted from the
line scan measurements to eliminate the contribution frioen t
Many test measurements, which were performed between felmantinuum, and possibly some remaining spurious instrumen
ary and August 2017, allowed us to define an optimized obsetal polarization. This technique isolates the signals cgnfiiom
ing procedure and data reduction. Before starting the whserthe selected atomic line of interest from the stray lightr Fo
tion and performing the spectral scan of the chosen spdicteal each wavelength measurement, the background was rotaded an
it was necessary to perform an accurate wavelength tuningre$caled by a factor i, (wherek indicates the Stokes com-

3. Observing procedure and data reduction
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ponent andl is the wavelength); this was determined so as !
minimize the quantity

5875.52A 5875.64A 5875.72A

N

M
Alga = Z Z ISi ik = McaBijkals (1)

i=1 j=1

whereN andM are the numbers of the image rows and column
the pairs of indicesi(j) identify the considered pixe§ is the
signal, andB is the background.

In order to measure the blue-shift surface generated by 1
FPE across the FOV of the image, a wavelength scan of a nea
absorption line was performed. A Gaussian fitting of the sedn
absorption line profile was performed in order to determivee t
wavelength corresponding to the line center. For everyiapat
coordinate, the wavelength of the line center i§atent due to
the blue-shift &ect. This provides a “surface” representing th
induced wavelength shift across the whole FOV, which cantbe 1
ted with a quadratic polynomial surface. The obtained bhift s
across the FOV is on the order of a few mA. The blue-stitiat
can therefore be corrected for by shifting every Stokes lerbji U
the amount corresponding to the considered pixel.

4. Experimental results

Following the observing technique described in Sect. 3panpr
nence was successfully observed in therHg line at 5876 A. \
The prominence appeared on June 7, 2017 at the SE limk

a latitude of 48. The sky was clear and the observing cond
tions were good. A scanning across the He; line was per-
formed considering a set of 16 wavelengths, from 5875.40 A to
5876.02 A, with a step of 0.04 A. In order to reduce the observid- 3 Monoc_hromatic ime}ges of the observed prominencc_e at various
ing time interval with the aim of maintaining as much tempord/avelengths in the HeD; line. The measurement was carried out on
coherence as possible, we decided to narrow the recordesd sav ?6.7‘ 2_017._The| StrUCtdure of tr(}e prominence is well defined, and clea
tral range so that it covers all the components of ther iHg arization signals are detected.

multiplet but not the whole line wings. For each wavelengté,

acquired 12 frames, each with a 10's integration time. The tig produced by the scattering of the anisotropic radiatiekd i
sequence required 4 minutes to take a set of flatfield images (hich illuminates the He | atoms in the prominence (scattgri
flatfield image per wavelength), 26 minutes to take the imayespolarization). A clea signal is also produced by the red com-
the prominence, and again 4 minutes for the flatfield. Alﬂh_oug)onent, which has a higher polarizability. It must be obsdrv
more sequences were recorded, only one was used for this agilt the amplitude and shape of the latter signal can agirisci
ysis. The reason is that we noticed that the results WOFSMWl&hange in dferent observations. Moreover, it has to be consid-
averaging over more sequences because of the lack of tem@ed that the lack of temporal coherency may somehiece
ral coherency. A background image was obtained by perfamithe quality of the profiles, following temporal changes asd o
a measurement in the continuum at 5874.2 A. The instrumentflations of the prominence. The longitudinal oscillatiomay
blue-shift across the FOV (see Sect. 3) was determined by scgenerate Dopplerfiect variations on the order of 0.04 A, which
ning the absorption profile of the nearby Nline at 5878 A. reduce the spectral resolution.
Figure 3 shows the Stokes images of the prominence obtainedA small U polarization signal is also visible. This is a signa
at three diferent wavelength positions. The bright prominenagre of the Hanle £ect (i.e., the magnetic-field-induced modifi-
structure is well observed outside the solar limb in the &okcation of line scattering polarization). Lastly, some nietudar
I images. The Stoke® andU images show clear polarizationpolarization is also appreciable, although the signifieasfcthis
signals in the prominence structure. The reference dimedbr signal strongly depends on the accuracy of the cross-tak co
positive Stoke€) was chosen to be parallel to the limb. rection. If its solar origin is confirmed, such a net circupar

In order to increase the signal-to-noise ratio, the Stokes plarization could be produced through the so-called aligmrbe-
files were obtained by averaging groups ok 3 pixels in the orientation conversion mechanism, which operates in tiks-pr
prominence region. Example profiles, which were normalivedence of magnetic fields in the incomplete Paschen-Béice
the maximum value of the intensiti,y, are shown in Fig. 4. regime (see Landi Degl'lnnocenti 1982; Landi Degl’Innot&n
The zero of the wavelength axis was chosen at the positionL@indolfi 2004). Indeed, it has been shown that this mechanism
the red component of the HeD3 multiplet (5875.97 A). First is particularly dfective in the Ha D3 line, in which the incom-
of all, we notice that the observed polarimetric profiles@s- plete Paschen-Backfect regime is reached for magnetic fields
sistent with those previously measured by Ramelli et al0o§20 on the order of 10G (see Landi Degl'lnnocenti 1982; Landi
using the spectrograph. A strong positive Stoesignal is ob- Degl’'Innocenti & Landolfi 2004).
served at the position of the blue component, indicatingttia To estimate the magnetic field of the plasma structures in the
radiation is linearly polarized parallel to the limb. Thigsal observed solar prominence, an inversion of the measurégsto
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S o.005F I I I I 4  Fig. 5. Maps of the magnetic field in the prominence observed on June
0.000 brro 111 77777777 III 77777 - 17,2017, obtained from the inversion of the four observed Stokes pro-
R 1 3 files of the Her D3 line. The maps show the intensity of the magnetic
—0.005 : : field (upper panel), the inclinatiofs with respect to the local vertical
—06 -0 7)\0[‘5] 0.0 0.2 (middle panel), and the azimujh, which was measured with respect
to the projection of the line-of-sight on the plane parallel to the surface
of the Sun (lower panel).
0.010F ]
g D000 7 coherent with those of previous studies carried out on gaiets
S 0000 ;I’T’T’I —————————————————————— I——}—T—{ ——————————— 4 prominences (e.g., Bommier et al. 1994b; Lépez Ariste & fiasi
. OO5; I I I I I I [ I 1 2003; Casini et al. 2003). However, in some organized plasma
= 1 structures of the observed quiescent prominence, the rtiagne
—0.010¢ 3 field strength is significantly larger (on the order of 45-50 G
—0:6 —0.4 *Ao[f] 0.0 U2 We shall observe that we are not fully confident as to the reli-

ability of the inversion at the spatial positions where thesm
Fig. 4. Example of measured Stokes profiles, normalized to the makitense magnetic fields are found. These results would requi
mum intensity, of the HeDs line observed on the prominence. The zerenore detailed analysis which, however, was not carried ivetg
of the wavelength scale is at 5875.97 A. A significant positive Stekesthe merely illustrative purpose of this application. Weoaté-
signal can be clearly observed. WdalandV signals are also detected.serve that although HAZEL finds spatially coherent pararsete
However, the significanc_e of the latter strong!y de_pends on t_h_e accurgdfinsic ambiguities (Hanle 180and Van Vleck) imply that this
of the cross-talk correction. The referen(_:e direction for posmve&okiS not the unique possibility for the field configuration tbatild

Q was chosen to be parallel to the solar limb. Error bars represent th§a e ate the observed Stokes profiles. More informatiomon a
statistical photon noise uncertainty. biguities in magnetic field diagnostics in solar prominencan
be found in Merenda et al. (2006) and Casini et al. (2005).

profiles was performed using the advanced synthesis and inve

sion HAnle and ZEeman Light (HAZEL) code, developed b¥ ~onclusion

Asensio Ramos et al. (2008). This code is based on the quan-

tum theory for the generation and transfer of polarizedatzmlh  Imaging spectro-polarimetry of solar prominences can lbe pe
described in Landi Degl'lnnocenti & Landolfi (2004). In part formed at IRSOL by combining the ZIMPOL polarimeter, a
ular, it accounts for the atomic polarization that is indlitey Czerny-Turner spectrograph, and two FPEs. We performed sev
anisotropic optical pumping processes, together withrtigaict eral days of test observations in order to understand angbirap

of the magnetic field through the combined action of the Hartllee quality of the data. This has allowed us to optimize the in
and Zeemanfeects. Magnetic fields of arbitrary strengths, fronstrumental set-up, as well as the observing procedure and th
the Zeeman to the complete Paschen-Bdfdceregime, can be data reduction technique. Instrumental polarization geneota-
considered. The prominence is modeled as an optically¢bim, tion, image deformation, FPE blue shifts across the FOulystr
stant property slab of plasma. Stimulated emission pre light, and reflections have to be carefully compensatedsfobt
taken into account. tain the best possible Stokes profiles.

Figure 5 shows the magnetic field maps obtained from the With the instrumental set-up and procedure described & thi
inversion of the Stokes profiles. The average magnetic figlaper, on June 7, 2017, we carried out a 2D imaging spectropo-
strength in the prominence structure is found to be betw&enlarimetric measurement of a quiescent prominence in the He
and 30G. The direction of the magnetic field vector is main; line at 5876 A. Stokes profiles are obtained at every pixel of
horizontal along the spine of the prominence. These reatdts the image. The ZIMPOL polarimeter allows for the detectién o

MG
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weak polarization signals in the prominence. Using the HAZE
inversion code, it was possible to obtain 2D maps of the mag-
netic field vector of the prominence. We find predominantlygho
izontal magnetic fields, which are directed along the spfribe
prominence, with strengths of about 15-30 G. These resudts a
consistent with those of other investigations of quiespeomi-
nences that were carried out in the past.

The observing technique that we have developed is very
promising and deserves further attention. Indeed, redia
formation on the strength and topology of the magnetic fields
present in the observed prominence could be obtained frem th
inversion of the acquired spectropolarimetric data. Thesds
of magnetic field diagnostics are essential to validate thiim
tude of theoretical and numerical models of solar promiesnc
that have been proposed so far. Further work and betteuinstr
mentation have to be pursued, especially to increase thotrape
and time resolution of the measurements.
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