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Abstract This paper is devoted to the primary spectro-polarimethseovation performed at the New
Vacuum Solar Telescope (NVST) of China since 2017, and euiisio precisely evaluate the real polari-
metric accuracy and sensitivity of this polarimetry by gsfall Stokes spectro-polarimetric observations
of the photospheric line Fel 532.4nm. In the work, we briefgsctibe the salient characteristic of the
NVST as a polarimeter in terms of technology and then charaetits instrumental polarization based on
the operation in 2017 and 2019. It is verified that the calibramethod utilizing the instrumental polar-
ization calibration unit (ICU) is stable and credible. Ttadiloration accuracy can reach up3ox 1073,
Based on the scientific observation of NOAA Active Region426n 2017 April 5, we estimate that the
residual cross-talk from Stokdsto StokesQ, U andV, after the instrumental polarization calibration,
is about4 x 10~2 on average, which is consistent with the calibration acuend close to the photon
noise. The polarimetric sensitivity (i.e., the detectimnit) for polarized light is of the order of0—3 with

an integration time over 20s. Slow modulation rate is ind@edssue for the present system. The present
NVST polarimeter is expected to be integrated with a higtleoadaptive optics system and a field scanner
to realize 2D vector magnetic field measurements in theviafig instrumentation update.

Key words: techniques: polarimetric — techniques: spectroscopic : Siagnetic fields

1 INTRODUCTION There is a common problem that the polarimetric da-
ta measured by the polarimeter need to be calibrated for
The 1-meter New Vacuum Solar Telescope (NVST) locatcross-talk (i.e., the linear combination) between differe
ed at Fuxian Solar Observatory aims to observe dynant-polarization states caused by the polarimeter itself (del
ic solar structures and vector magnetic fields with highToro Iniesta 2003). It can be describedag, = X - Ssun,
resolution (Liu et al. 2014). To achieve that, its terminalswhere S, is the incident Stokes vector from the Sun to
comprise a multi-channel high-resolution imaging systenthe telescopeS,y is the direct data product from the ob-
(Xu et al. 2014) and a high-dispersion multi-line spectro-servation X represents the response matrix (function). The
graph (Wang et al. 2013). Since 2017, the spectrograpfmeasurement accuracy of polarimetry largely depends on
has been improved to develop the capability of spectroaccurate knowledge of the matti. Besides many efforts
polarimetric observation. The spectro-polarimetric ebse to precisely build the theoretical polarization model af th
vation can be carried out in one or several visible spectraéntire system, since the 1980s knowledgeXotould be
lines. Full Stokes profiles are all obtained, from which theexperimentally determined with the aid of a device, which
vector magnetic field can be retrieved by resolving the racan produce incident light with a known polarization s-
diative transfer for polarized radiation with an atmospher tate (Baur et al. 1980). It is usually called an instrumen-
model assumption and applying many sophisticated invetal polarization calibration unit (ICU or PCU). This tech-
sion techniques (Harvey et al. 1972; Skumanich & Litesnique has been utilized by several telescopes, such as the
1987; Lagg et al. 2004). Advanced Stokes Polarimeter at the vacuum tower tele-
scope of National Solar Observatory (Skumanich et al.
1997), the Domeless Solar Telescope at Hida Observatory
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(Kiyohara et al. 2004; Anan et al. 2012; Anan et al. 2018);Table 1 Retardance of the ICU Waveplate at Different
the German Vacuum Tower Telescope at Tenerife (Beck/avelengths

et al. 2005), the Solar Optical Telescope abodrdode Wavelength (nm)  Retardance (degree)
(Ichimoto et al. 2008), the 1.5 m solar telescope GREGOR 525.0 90.72
(Hofmann et al. 2012) and so on. An ICU designed by the 532.4 91.74
: . . g 617.3 98.54
staff at Huairou Solar Observing Station has been equipped 854.2 92.81
on the NVST since 2017 (Hou et al. 2017) in order to pre- 864.8 92.08
cisely determine the matrix.. 1074.7 84.38
1083.0 85.04

In this work, we report the current spectro-polarimetric
observation performed at the NVST and figure out the

main polarization characteristic of the NVST, including hole in the radial axis and allows the light to go through

the polarization modulation mode, the procedure to cali- : . S .
. o a}long the optical axis for scientific observations. When we
brate and remove the instrument polarization, the actua

. . s .perform the calibration, the device rotates and its cylin-
polarimetric accuracy and sensitivity, etc. These anglysi®, " o ) R i

. . . . _drical axis is moved to the optical axis direction, which

are mainly based on the spectro-polarimetric observation-

s run in 2017 and 2019. It is worth noting that both theenables ICU to enter the optical path (Qin et al. 2018).

. . - The effective aperture of ICU is about 36 mm. We utilize
present observation and analysis are preliminary steps in

view of the general NVST objectives. In particular, theaW|re Grid Versalight polarizer from Meadowlark Optics.

. - . This kind of polarizer offers the broadest and highest field
measurement procedure is a preliminary step for high pre-

- . . . of view and reflects another polarization state, which can
cision polarimetry observation since we presently adopt L
: ) . ecrease the effect of thermal expansion in the vacuum
temporal and single-beam step-wise modulation. We have . _
. . _system. The retarder implemented is a zero-order achro-
ignored the measurement error caused by atmospheric see-

ing and expect that the spatial smearing can be mitigaterc‘iwltIC waveplate consisting of quartz and MgF2 material-

. . . . : S. It is manufactured by Union Optics. The thicknesses of
by implementing the adaptive optics (AO) technique. On€ uartz and MgF2 materials are 0.521 mm and 0.415mm,

high -order solar AO system has been developed (Rao et are's ectively, which ensure the retardation variation thwi
2016). However it has not been combined with any exist- P Y,

. . . ... In90°+10° in awide range of wavelengths from 520 nm to
ing terminals up to now. Combining the AO system with

. . L . 1083 nm. Retardance measurements at several wavelength-
other terminals is our following instrumentation update.

In Section 2, we describe the main characteristics of of interest are given in Table 1. In order to improve the

the spectro-polarimetric observation system. In Section aoarallellsm of the retarder, a double-separation strectur

L . Is adopted, which makes the beam-deviation of each plate
we present our polarization modulation method and em-

phasize the importance of calibrating the instrument [aolar(quartz or MgF2) less than 1 arcsec. The reflectivity is less

0 ) - - i
ization for our polarimetry. Section 4 deals with the cali-than 0.1% by coating anti-reflective films. Both the po

bration method and procedure. We estimate the calibratiolr? rizer and retarder.ca-n be rotate.d mdependen'.tly relat.|ve
. . to the reference axis (i.e., the axis of the polarizer at its
accuracy and influence of the spectrograph position angle

using the continuous calibration carried out in 2017 ancpome position), which is parallel to the telescope elevatio

N . . : and defines the direction of the Stoke§) in the analysis.
2019. Scientific observations for an active region are prel-:ee Lirements on the accuracy of the polarization axis and
sented in Section 5 and applied to verify the calibration q y P

. . : o the gear control of the stepper motor are ab@&t and
credibility and evaluate the real polarimetric sensiyiaf . .
. 0.002° respectively. Because there is no short pathway be-
our polarimetry.

tween ICU and the observation room, we have to remotely

> SALIENT FEATURES OF THE control ICU by using wireless technology.

SPECTRO-POLARIMETRIC OBSERVATION - In the Coud§ Iaborgtory setup as shown in thg right of
SYSTEM AT THE NVST Figure 1, the main terminals are composed of a high reso-

lution imaging system and a high dispersion spectrograph.
Figure 1 presents the optical system of the NVST po-They are arranged perpendicularly to each other. The en-
larimeter, mainly including a 98-cm aperture vacuumtrance slit of the spectrograph is just set at the Coudésfocu
telescope on an alt-azimuth mount, a vertical multi-of the telescope (F3). It is noted that at present, both the
wavelength spectrograph and polarization modulator.  AO system and two-dimensional (2D) field scanner (en-
An ICU consisting of a linear polarizer andd4 re-  closed by a dashed box) have not been co-operated with
tarder is installed at the secondary focus (F2). As demorthe spectro-polarimetric observation and are ignoreden th
strated in the upper-left corner of Figure 1, it is mountedcurrent work. Before the focus F3, we utilize a beam split-
in the front of a cylindrical device, which has a centralter (My5) to distribute the incoming light into the imag-
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Fig. 1 Optical layout of the spectro-polarimetric observatioatsyn of the NVST. The telescope assembly is displayed orethédhe

main optics implements an on-axis Gregorian design inolydhe primary (M1) and secondary (M2) mirrors. M1 has a palabt

figure and M2 has an ellipsoid one. After the secondary foE@3, (it is a Coudé train feeding the light beam down to th@tatory
by utilizing a relay mirror (M3, ellipsoid figure) and fourlfing mirrors (M4, M5, M6 and M7). All optical elements arestalled in
two evacuated tubes, which are sealed by vacuum windows Afid2V3-4, respectively. An ICU is installed at the secondacys

(F2) and its mechanical device is demonstrated at the upftecdrner. Backends in the laboratory are shown on the.rBith the
AO system and field scanner enclosed lgjashed box are not included in the current optical path, which is intidebyred lines. See
the text for more details on the spectrograph, the polaozahodulator and analyzer. ICU is remotely controlled tio@a wireless
technique by a PC in the observation room, which also catha polarization modulator and cameras.
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Fig.2 Comparison of the observed spectral profile with the FTSataund Fel 532.4 nni.eft: The FTS profile (théblack line),
modified by the instrumental profile and stray light, is sppsed on the observed profile (thel line). Right: the residualy?, as
defined in Eq. (1), between these two profiles with respedig¢achanges in the FWHM of the instrument profile and straytligh

ing system and spectrograph. In this situation, slit-jaw im line at 532.4 nm. In order to concentrate on the spectro-
ages can be reordered by using the imaging system. All thgolarimetric observation}/,; is specially designed to al-
backends in the laboratory are relatively static, but tregy ¢ low a wavelength band 6f32.4 + 5 nm to enter the spec-
be synchronously rotated as a whole in the azimuth oriertrograph and reflect the other light into the imaging system
tation of the spectrograph in order to compensate the imag®monitoring the slit position. As a resultHand Ca 1l spec-
rotation. tral observations are not available. Instead, high reswiut

The multi-wavelength spectrograph can measure threl8@ging observations at some specific wavelengths (e.g.,
spectral lines simultaneously, including two chromospherH. TiO-band or G-band) can be obtained simultaneously
ic lines (Hx and Ca 11854.2 nm) and one photospheric Fe [With spectro-polarimetric observation.
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The Fel 532.4nm line is sensitive to the magnetic3 SPECTRO-POLARIMETRIC OBSERVATION OF
field with a Landér factol of 1.5. It is also employed THE NVST

by the Solar Magnetism and Activity Telescope (SMAT) _ ) o
at Huairou Solar Observing Station (Ai & Hu 1986). A In the present NVST configuration, the polarization mod-

1200 mnT! grating is installed to get the Fe 532.4nm line ulation ig perfqrmed by step-wise rotations of the retarder
from the 2nd order onto the camera. The camera is a 14Nd the intensity of only a single beam selected by the an-
bit PCO4K CCD with a full size ofl008 x 2672 pixel- ~ ayZer is measured. The modulated beam intengig),
s, and a pixel size i9um x 9um. The saved data are as a function of_fourlncommg S_.tokes parameté_lgg)(.the
2-pixel binnings over columns and rows in order to in- modulator rotation anglé/f and its retardancey, is given

crease the signal level. The wavelength sampling is of o2y

der 0.001nm pixel! after binning and wavelength range Tops(60,0) =Iin + Qin(cos226 + sin>26cosd)
is about 1.336nm (i.e., 0.002672/2= 1.336 nm). By .
comparison with the solar spectral atlases provided by the + Uin[sin20cos26(1 — cosd)] (2)
Fourier Transform Spectrometer (FTS) at the McMath- — Vin(sin26sind) ,

Pierce Solar Telescope, we can estimate the instrumentgll
profile (a Gauss profile with a certain full width at half
maximum, FWHM) and the stray lightd) by minimizing Iops = M - Sy . ©)
thex? value, expressed as

expressed using matrices

Here S;,, means the incoming Stokes parametexgard

Y2(FWHM, ) = [I;\)bs_ the modulator.M represent_s the modulation process of
) (1) the retarder. In order to derive the full Stokes parameter-
(I5msa — a)® G(FWHM) + a)} . s, the retarder is rotated to eight positions step-by-step

with an interval 0f22.5° in one-half rotation (i.e.f =

h h uti d 0°,22.5°,...,180°). The accuracy of the gear control for
Here the operato§ represents the convolution an the stepper motor i8.002°. The CCD takes images syn-

Iy is anormalized profile to the continuum. One observed., o nosly with the positioning of the retarder. To reach
profile compared with the modified FTS profile is dis- high polarization sensitivity we have to recondframes

played in F|gure 2. The minimum deviation b§tween themyt each position. The camera does not record any images
can be obtained as the FWHM is equal to 118amd the . 1,0 second half-rotation betwed80° and360°. As a

0, . .
o equalto 0.6%. o o result, we construct al x 4 modulation matrixA/ and
An assembly consisting of polarization modulator andgptain an observed x 1 intensity matrixZ,ps, i.e., [I*

obs?

analyzer is installed in front of the spectrograph slit. ItI2bS, ...I8 17 . Herel, _corresponds to the spectralimage
is composed by a step-wise rotating retarder and a ﬁxeﬁﬁtegrated overn frames.

linear polarizer. Both are manufactured by Huairou Solar  ap, appropriate demodulation (i.e., successive addition
Observing Station. Both the modulator and analyzer havgng subtraction of images) is then applied, which is repre-

effective apertures of 36 mm. The retardance of the modsented by a demodulation matdX. The process may be
ulator is optimized to b&27° at 532.4nm to obtain equal eypressed as

modaulation efficiency for different Stokes states. It is mea

sured to bel27.8° + 0.02° in the laboratory. The angle D Iohs=D-M - Sy
between the fast axis of the modulator at the origin and the =D-M- My, - Mg - Ssun (4)
transmission axis of the analyzer is accurately measured Sout = X - S,

to be31.06° £ 0.06° in the laboratory and taken into ac-

count in the demodulation process. Next, the transmissioHere S;,,, means the Stokes parameters generated by the
axis of the analyzer is placed parallel to the slit orieotati  Sun itself. S, is the measured Stokes parameters de-
Inevitably, there may be an angular offset due to the instalmodulated from the observed intensiti@$; signifies the
lation error. Since it is not so easy to precisely measuse thiMueller matrix of the telescope, followed by the Mueller
angle offset, we prefer to use a mechanical positioning tonatrix of the beam splittef}/,,,., along the optical train.

fix the assembly position with respect to the slit and ensuré other words, we havs,, = Myy,. - M7+ Ssun in the case

the reset accuracy. In addition, some interference fringesf scientific observation. We also can define a response
are apparently present in the spectral data. In order to effinatrix expressed a& = D - M - My, - My and d-
ciently eliminate the fringes, we tilt the assembly to makeeduce the final expression in Equation (4). OnlyXifis

a small wedge angle between the glass surface and the gtitecisely determined can the solar polarimetric sighial
surface. be correctly retrieved. Here the process to determiinis
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called the calibration of instrumental polarization. Bein converted to & x 6 matrix after demodulation (i.eSout).
an alt-azimuth modified Gregorian telescope, the NVSTWe depict both the constructes, and measured (or de-
has strong instrumental polarization, i.e., the resporsse m modulated)S,,,; in Figure 3.

trix seriously varies with the change of telescope pointing  Eventually, the response mattk can be derived from
position during a day. the following equation by matrix inversion

4 INSTRUMENTAL POLARIZATION Sout = X - 55y, - (6)
CALIBRATION OF THE NVST It totally takes about 53 s to finish one complete cali-

bration measurement, which indicates that we assume the

Based on Equation (4), we can use a constructed inpu, arization property of the polarimeter is stable during
Stokes vector to replace the unknowp,,, by taking ad- this period

vantage of ICU in order to derive the mattkk at a specific

timg. IQU.can be moved into the viciqity of F2 if needed,4_2 Calibration Accuracy

which indicates that we cannot take into account the po-

larimetric properties of the first vacuum (W1), the primary The calibration accuracy strongly depends on our knowl-

mirror (M1) and the secondary mirror (M2), that are all edge about thés,, or particularly speaking, the polariza-

located in front of ICU. Here we assume that their polar-tion properties of the optical elements of ICU. Therefore in

ization effects are negligible since they are axi-symretri addition to the 16 elements of the response matrjxwo

about the optical axis. more free parameters related to ICU are taken into account
as we construct thg, .

4.1 Measurement of the Response Matri¥X’
— The retardance of the ICU retardéf). The value test-

Firstly, we make the telescope point to the quiet region ed in the laboratory is regarded as an initial value.
around the solar disk center assuming the incoming lightis — An offset angle €;) between the ICU polarizer and
taken as unpolarized (Stenflo 2005). Meanwhile, the spec- the retarder axis accounts for the misalignment during
trograph, together with thé/,s, the polarization modula- installation.

tor and analyzer, is fixed at the initial positiofi,( = 0)

during the calibration process, despite rotation of tharsol o

image. Influence of the spectrograph azimuth angle will begicn' Al thgsg 18 free paralmeters.can be instantly calcu-
discussed in detail in Section 4.3. lated by minimizing the residual with respect to these two

Secondly, ICU successively generates six kinds of poparameters by a gradient method (Beck et al. 2005), as ex-

larized light by rotating its polarizer and retarder indepe pressed by

A change of6¢ and6<, only affects the input vectors

dently. The six pairs of rotation angles,( 6,.) are p°, 0°], Y2(8¢,0%) = Z (X - SE(65,0%) — Sout)?.  (7)

[45°,45°],[90°,90°], [135°,90°], [135°, 135°] and [135°, i=0...3

180.0], r.espectlvely. Thus the constructed input Stokes Vecy s the directly measured output vectors, and the term

tor is given by (X - S¢) can be regarded as the predicated output. Once
Se = M,(8,) - M,(6,) - [1,0,0,0]T, (5) X2 reaghes the milnirrlum, the s-olutions&jfandegff are

determined. The&X is finally obtained.

where M, and M, represent the Mueller matrices of the In Figure 3, itis clearly seen that the directly measured

polarizer and retarder in ICU, respectively. THig of the  vectorS,,; deviates far from the input Stokes vecisff,

six cases actually make uptax 6 matrix. but manifests a good agreement with the predicated output

To measure each kind of input Stokes vector, we pervector. It means that we can reproduce the output vector
form an eight-step modulated spectro-polarimetric obserfrom S, well with the correct response matri. In oth-
vation as described above. At each modulation step we irer words, we can retrieve tig, from the observed vector
tend to take five frames continuously. Meanwhile, moreas long as the response mat#ixis correctly determined.
pixel binning and shorter exposure time are adopted tdhe largest deviation is present in Stokesvhich is con-
record a single frame. After adding five frames taken insistent with reports from other authors (Beck et al. 2005).
one modulation state, we further integrate the continuunConsequently, we estimate the calibration accuracy from
spectrum both in the wavelength direction (about 0.1 nmjhe deviation, i.e., the residual value between the medsure
and the spatial direction (about 1/5 of the slit length) tb geand final predicated,.., expressed &s_,, | X - S, — Sout|
the observed intensity valug, ., which is a wavelength- (n = 0...5) for each Stokes vector.
and spatially-independent value. As a result8an6 ma- In order to investigate the time evolution of the re-
trix is composed by the measured intensities, and it can bgponse matriX¥X’ during a day and the calibration accuracy
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Fig.3 Stokes vectorsl(, Q, U, V) of a calibration measuremerRed dotted with crosses: S;,,, the constructed input Stokes vectors
of six cases, which are calculated by a given retardanceiammhiss of rotation angles of ICUBlack solid with diamonds: So.+, the
measured Stokes vectors, which are demodulated from tlee\vausintensitiedRed dotted with squares: the predicated output vectors,
i.e., the termX - S{,.

and stability, we carried out several times of one-day connusoidal distribution, while those of Stoké€smanifest a
tinuous calibrations in 2017 and 2019. (We are remindedegative sinusoidal distribution. It is implied that they a
that the spectrograph was not available in 2018.) closely related.

In Figure 4, we show a typical response matrix mea-  As we mentioned above, the retardance of the ICU re-
sured from a 7-hour continuous calibration. It actuallytarder ¢¢) is considered to be a free parameter during the
comprises the measurement on 2017 February 15 and 1alculation. It is further revealed that this retardancgire
There is no apparent discontinuity between these two sudarly changes during the continuous calibration and exhibi
cessive days and all the matrix elements smoothly change correlation with the variation of the Stokésntensity
with time. Elements in the first column of the matrix, obtained by the demodulation. As displayed in Figure 6,
which indicate the cross-talk fromto 7, Q, U andV, the intensity of Stoke$ shows an increase-stable-decrease
respectively, are more diffuse at first glance, but theii-var trend from hour angle of-4" to 3", which is closely re-
ations are actually one-magnitude lower than others. lated to the change of solar elevation angle. During this

In Figure 5, we present the time evolution of the resid-pe”Od"Sg gradually increases froi2° to 98° and then

ual value between the measured and predicated output Vek&(_ecomgs stable arounq the culmmgtlon time, F’”‘ there is
tors (Stokes), T7 and V) during this period. The averaged no obvious decrease since the::. Itis yvorth noting th:?\t the
residual is abouB x 102 and the standard deviation is retgrdance after hour angle efl* manifests a larger dif-
aboutl.3 x 1073, In detail, from the results of the whole fusion range than before.

day, it is seen that the residuals of Stokesand U are In contrast, another free parameter, the offset angle
larger than those of Stokés, particularly after hour angle (6<;), has a steady value of around 0.35 degree. Since this
of —1". The largest residuak{ 6.6 x 10~%) is found in  value is fairly stable not only on February 15th and 16th
Stokesl/ at hour angle of abo@". In addition, the Stokes but also on other days, we eventually fix it and take into
Q residuals after—1" even exhibit a fluctuation in a si- account the remaining 17 parameters.
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Fig. 4 Response matriX of NVST as function of hour angle of the Sun in about 7 hoursohsists of the measurements on 2017
February 15I§lack dots) and 16 fed dots).

4.3 Influence of Spectrograph Azimuth Angle In the case of azimuth anghe Equation (4) describing
the modulation process can be modified to be

D-Ios=D-M- My, - Rot(0) - Mr - Squn, (8)

To compensate the image rotation on the focal plane, thg, which we define

spectrograph, together with the beam splitfef,£), polar-

ization modulator and analyzer, needs to be synchronous- ~ X(0sp =6) = D - M - My, - Rot(6) - My (9)

Iy-rotated in .the azi.muth orientatior(,) d.uring scien—- with the matrix of coordinate rotation

tific observations. Since the Mueller matrix characterizes

not only the optical properties but also the orientation L0 ,0 0

of each element in the optical path, the response matrix Rot(6) = 0 cos2f sin26 0

X (0, = 0) precisely measured at the original azimuth an- 0 —sin26 cos26 0

gle needs to be transformed (s, = ¢) by coordinate 00 0 1

rotation in order to calibrate scientific observationsieatr To realize the transformation fromX (6, = 0) to

out with the azimuth angle df. X (65, = 0) according to Equation (4) and Equation (9), it

(10)
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Fig.6 Change of the retardance of the ICU retarder during a onesolaiyjnuous calibratiorb{ack crosses) superposed on variation of
the Stoked after the demodulatiorréd diamonds).

is obliged to have a good knowledge of the modulationma-  One experiment involving the transformation was car-
trix M and the Mueller matrix of the beam splittéf,;,..  ried out on 2019 February 12 as shown in Figure 7. We
To know the matrix)/, as mentioned in Section 2, both directly measureX at the azimuth angle ai® and 30°,

the retardance of the modulator and the gear control preespectively, at different times. It is clearly seen tha th
cision of the modulator rotation are precisely measured imesponse matrix dramatically changes in time due to the
the laboratory. To know the matrix/,,,,, we firstly test change of the azimuth angle. However as long as the pa-
it in the laboratory using the Mueller Matrix Measurementrameters mentioned above are accurately given, the trans-
System, which is sensitive td~* for each matrix element formation from X (6, = 30°) to X (A, = 0°) can be

for weak polarization optical elements. The general princi correctly accomplished, i.e., the response matrix recover
ple of such measurement can be found in Ichimoto et als good continuity in time after transformation. In return,
(2006). We also compare the,,,, with the result mea- it is indicated that the measurement of Mueller matrices
sured by applying the NVST polarization observation sys-of optical elements and the response matrix itself is fairly

tem (Peng et al. 2018). A typical result of thé,,,. is precise.
1.0000  0.0232  0.0007  0.0004 5 APPLICATION TO OBSERVATIONS
M _ 0.0227 1.0003 0.0023 ——0.0115
Mas = | _ _0.0004 0.0025 0.9006 0.4328 |~ A é-class sunspot region (NOAA Active Region (AR)
0.0008  0.0113 — —0.4360 0.8999 12645, S10 W60) was observed in Fel 532.4nm using

(11) the NVST polarimeter on 2017 April 5. The slit width is
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Fig. 7 Response matriXX of NVST as a function of hour angle of the Sun on 2019 Febru&nBlack dots: the response matrix
measured with the azimuth angle of the spectrograpb’of.e., X (0s, = 0°). Blue dots: the response matrix measured with the
azimuth angle 080°, X (6s, = 30°). Red dots: the transformed response matrix frélgg = 30° to 05, = 0°.

0.1 mm corresponding to 0.45arcsec on the solar imagéar radial orientation, going through the major sunspot and
Spatial sampling along the list is 0.082 arcsec pixeind  other satellite sunspots. Calibration measurements of the
the field-of-view is about 137 arcsec, limited by the slitinstrumental polarization are carried out both before and
length. after the scientific observation. The time interval of these
two calibrations is less than 30 minutes, but the response

We perform an 8-step polarization modulation and col-matrix apparently and linearly changes during this period.
lect 20 frames at each modulation state. The exposure timenerefore, we linearly interpolate the response matrix for

of a single image is 30ms, and by collecting all framesthe time of the scientific observation in order to calibrate
at each modulation state, the typical noise level reachage instrumental polarization at that time.

10731I.. As a result, it totally takes about 23 s to complete

the modulation at one slit position. The azimuth angle of

the spectrograph position is setfgy = 0 in both the cal- Before demodulating the observggl, we applied the
ibration measurement and the scientific observation timestandard spectral data reduction routines, including dark
which happens to make the slit almost parallel to the soeurrent subtraction and flat-fielding.
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Fig. 8 2D Stokes spectra along one slitin NOAA AR 12648t toright: 7, @/, U/I andV/I. Thedotted-, dashed- anddot-dashed-
linesindicate the typical sunspot umbra, penumbra and quietasarespectively, whose one-dimensional Stokes prafiteplotted
in Fig. 8 from top to bottom.

The Stokes vector§3*" are derived after calibrating Table 2 Noise Level in Continuum with Different Integration
instrumental polarization. However, some residual cross!!Mes
talk still exists between different Stokes vectors even af-
ter the calibration. The relationship to the real Stokes vec 'tegration time (s)
tors from the Suns:*#!, can be expressed as the follow- _ntegrated Frame number (n) 20 10 5
ing Equation (12) with an assumption that the most serioug¥2ise leve! 2.1x 1072 33x107% 52x 107
cross-talk comes from Stokés

S eal
S)\un = S; + a1—>sI>\7

23 14 10

gsun Sreal (12)
2 — 2+ a5 -
Iy Iy

of-sight speed varies from around 1 kimisat the border
Here, a;_.s means the proportion of the cross-talk between the umbra and the penumbra to a maximum of
coming from the Stoked and it is wavelength- and 1.8kms! in the middle of the penumbra and falls off to
spatially-independent. If we take an expressior5QfI,,  zero at the edge of the penumbra. In addition, typical sym-
we can easily estimate this cross-talk in the continuunmetric or anti-symmetric Stokeg, U and V' profiles are
wavelength from the 2D Stokes image, since the local popresent around the sunspot. The full Stokes profiles taken
larization signals**®! is supposed to be zero. From the ob-from the umbra, penumbra and quiet region are displayed
servation of NOAA AR 12645, we estimate that the., , in Figure 9. From these observed results, we can estimate
aj_y, anday_,, are6.5x1073,1.2x 1072 and5.5x 1073,  the polarimetric sensitivity, i.e., the standard deviatid
respectively. The averaged value is abbut 103, the noise level in the continuum. In Figure 9, the noise lev-
After this estimation, we force the polarization signal el in StokesV/I is about2.1 x 10~2 and the results of
at the continuum to be zero and show the resulting 205tokes /I andU/I are very close to it. In fact, the noise
Stokes images in Figure 8. Spatial changes along the sliével is closely related to the total integration time (i.e.
are clearly exhibited in full Stokes profiles. A large scalethe number of integrated frames taken at one modulation
Evershed flow around the main sunspot is clearly revealestate). Some investigations with different integrationes
in Stokesl, which is demonstrated as an obvious tilt alongare listed in Table 2. The noise level increases as the inte-
the slit direction of the spectrum inside the sunspot. Basegration time decreases, and it reacBelsx 1073 in 14 s
on the Doppler shift calculation, it is found that the line- and5.2 x 102 in 10s.
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Fig. 9 Stokes profiles observed in NOAA AR 1264%fttoright: 7 /1., Q/I,U/I andV/I. I. is the continuum intensity of the quiet
Sun profile.Top to bottom: Stokes profiles taken from the sunspot umbra, penumbraw@erti$un, respectively, as marked by different
lines in Fig. 8.

6 DISCUSSION AND SUMMARY In this work, we mainly deal with important topics
of the polarimetric calibration of the instrument. The re-

) ) o . sponse matrix of the NVST can be accurately determined
Spectro-polarimetric observation is the third phase of thgyy, yiilizing ICU. It is verified that both the facilities and

NVST multi-wavelength spectrograph operation. Initially measurement procedures are fairly stable and credible, as
spectrograph installation and its salient function were acjemonstrated by the comparison between the calibration
complished in 2013 (Wang et al. 2013). These were folyegyits on 2017 February 16 (Fig. 4) and on 2019 February
lowed by the precise data reduction and 2D field scan (Caj7 (Fig. 7). The time variation of each matrix element indi-

et al. 2018). The efforts presented in this paper are t0 dgsates almost the same morphology and magnitude, which
velop the capability of spectro-polarimetric observafiamn suggest that the 2-year gap has no obvious effect on the

future vector magnetic field measurements. As mentionega”y evolution of the response matrix from the dates of
above, these efforts are only the preliminary steps in vieWne 12th to 16th.

of the high precision polarimetry observation, particiylar
taking into account the slow modulation rate, the 2D spa-  The calibration accuracy can reach ug1.3x 1073
tial scan, the combination with the AO system, etc. considering that the retardance of the ICU retardgrié a
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free variable. Variation of the retardance and the intgnsitgrateful to the anonymous reference for his thoughtful dis-
of Stokes! after the demodulation show a good correla-cussion and help clarifying this manuscript.

tion during the continuous calibration. The straightforgva

reason is not clear, but the temperature increase, during th

continuous observation at the secondary focus where ICleferences

is located, may be a candidate to explain this feature. More

detection and experiments are needed to confirm it. In adAi, G. X., & Hu, Y. F. 1986, Acta Astronomica Sinica, 27, 173
dition, from the comparison of Figure 5 with Figure 6, we Anan, T., Ichimoto, K., Oi, A,, et al. 2012, Proceeding of the
find that the large fluctuation of the calibration residual is SPIE, 8446, 84461C

present when this retardance is calculated with a relgtivel Anan, T., Huang, Y.-W., Nakatani, Y., et al. 2018, PASJ, @ 1
large scatter, which indicates that the main contributan t Baur, T. G., House, L. L., & Hull, H. K. 1980, Sol. Phys., 65111
the calibration errors comes from the imprecise measure€ck: C.. Schmidt, W., Kentischer, T., & Elmore, D. 2005, A&A
ment of this retardance. 437, 1159

. . . Cai, Y.-F., Xu, Z., Chen, Y.-C., et al. 2018, RAA (Research in
Based on the spectro-polarimetric observation for q hvsi
NOAA AR 12645, it is verified that, firstly, the calibra- _ ~Sronomy and Astrophysics), 18, 042

. . . . .__.. . del Toro Iniesta, J. C. 2003, Introduction to Spectropaletry
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(Cambridge : Cambridge Univ. Press), 244

largely removed. Secondly, after calibrating the instrame Harvey, J. Livingston, W., & Slaughter, C. 1972, in Line
tal polarization, the residual cross-talk from Stoketo U o o '
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sue for our present system and a continuous modulation
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. . Kuhn, J. R., Balasubramaniam, K. S., Kopp, G., et al. 1994,
scanner and AO system have not been included into the
present optical system yet. Up to now, we have carried out Sol. Phys., 153, 143 .
the Mueller matrix measurement for each element inde-Lagg'A"WOCh’J" Krupp, N., & Solanki, S. K. 2004, A&A, 414,
pendently in the laboratory. We will integrate these two Lijlgg Xu, J. Gu, B-Z., et al. 2014, RAA (Research in
elements in the upcoming instrument update. A:str(.)'nomly a.r;d As,trop-hy;ics) 11'1 05 '
An IDL-based software package has been develope eng, J., Yuan, S., Jin, Z., (’)bsérvatories, Y., et al. 2018,
for the spectral data reduction and polarimetric calilorati Astronomical Research & Technology, 15, 95
Furthermore, we have accomplished the full Stokes inver—Qin’ Y., Peng, J., Zhang, T., et al. 2018, Astronomical Retea
sion using the Helix code (Lagg et al. 2004), which is based & Technology, 15, 315
on the Unno-Rachkowsky analytic solution of the radiativeRao, C., Zhu, L., Rao, X., et al. 2016, ApJ, 833, 210
transfer for polarized radiation in a Milne-Eddington atmo Skumanich, A., & Lites, B. W. 1987, ApJ, 322, 473
sphere approximation. The vector magnetic field and othegkumanich, A, Lites, B. W., Martinez Pillet, V., & Seagesy P.
physical quantities are retrieved. However considerirg th 1997, ApJs, 110, 357
main issue of this paper, we do not provide the inversionstenfio, J. 0. 2005, A&A, 429, 713
results in this paper. Wang, R., Xu, Z., Jin, Z.-Y., et al. 2013, RAA (Research in
Astronomy and Astrophysics), 13, 1240
AcknowledgementsThis work was supported by the Xu, Z.,3in, Z. Y., Xu, F. Y., & Liu, Z. 2014, in IAU Symposium,
National Natural Science Foundation of China (Grant Nos. 300, Nature of Prominences and their Role in Space Weather,
11873091, 11773040, 11773072 and 11373044). We are eds. B. Schmieder, J.-M. Malherbe, & S. T. Wu, 117

rRiyohara, J., Ueno, S., Kitai, R., et al. 2004, Society of
Photo-Optical Instrumentation Engineers (SPIE) Confezen
Series, 5492, Calibration of the Instrumental Polarizat®

the Domeless Solar Telescope at the Hida Observatory, eds.



