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Table 1 Characteristics of the filter

Parameter Value
Center wavelength 532.419 nm
FWHM 0.01 nm@532. 419 nm
Diameter 40 mm
Free spectral range 0.5nm
Wavelength switching time <100 ms
Operating temperature 42 °C
Temperature stability <0.01°C
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Fig. 2 Normalized transmittances of pre-filter and the filter
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Table 2 Characteristics of LCVR

Parameter Value

Retarder material Nematic liquid crystal
500 - 870 nm (uncoated)
30 nm to 1A@870 nm
<A/4

2% RMS (root mean square )

Operating wavelength
Retardance range
Wavefront distortion

Retardance uniformity

Thickness 10 mm

Clear aperture 40 mm

Transmissivity 95.5%
Speed of optical response <100 ms
Voltage control range 0-10V

Shy— ol oL Al 41 25 R, LCVR 1 PRl J7 407 1 F1AH 37 4E
BRI R E EADC R . i T LCVRAEA
[F B Bl Fi T ™ A A AR 7 R R AR Y, L i
T ASAE — AT R HE T A IR0, DY I A b AR
P LCVR 452 B AR J5LRE A0 3 4K 0) HE H T - B 38 4
PEFEATRE B bR 2 o i F LCVR ZE 3R &t B 4K 3h iy A%
A3 BT K, 03 FH Mueller 28 [ D' 35 s 41 43005 HOG 7
FEEBEAT I A

2423001-3



%43 % 5 24 #1/2023 £ 12 B/ RFFR
3.1 LCVRIIEER%

/| LCVR#0.1 & . , o ,
I;cvliz LCVR I & R G0 2N 5] 4 fioR o X &R Ge o
controller a . o ~ N L o N = o
\ / VR R 2 00T RO . (iR
o \(acwmmai eI 2 0 2 R 18 B8 21 T
computer Lo Sy K AL . IR 0T — A R TR
controller b § PO 4 22— i A 2 A 28 O U 2 . Mueller 4
— : 3 > Y . N N —
_ e 15 i A1 A5 DA I T 380 R0 B A0 TR < i RO TR A Hi
E— . , PUTININ .
controller | thermostat B A RWPH2 4R B LP#2 6 4F ik (Y . Hrp
T RWPHL A RWPS2 45 51 % 5 26 1 5 4 I 45 46 2
. &l 3 {1ﬁﬂﬁllyot([57fﬁagﬁfﬁﬂrn*@ ‘ b AT L A 0,0, BEAT IR .
Fig. 3 Control structure of liquid crystal Lyot filter
RWP#1 T RWP#2
FS AD ©,6) 0,6, IL
LS l s N - FOS
ﬂ h %—T B B LIJ N VA W
CL LP#1 | LP#2
MC#1 LCC MC#2
I CcC
LS: light source
FS: field stop
CL: collimator lens S: sample
AD: aperture diaphragm T: thermautostat 1(\348 motor controller
LP: linear polarizer IL: imaging lens : control computer
RWP: rotating waveplate FOS: fiber optic spectrometer LCC: LCVR controller
B4 LCVRMH &R 5 B

Fig. 4 Schematic diagram of the measurement system for LCVR
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Fig. 5 Retardance (left) and fast axis azimuth (right) of LCVR at 532. 4 nm wavelength
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Table 3 Retardances of 7 spatial positions on LCVR surface
Position 2.0V /(%) 2.5V /(%) 3.0V /(%) 3.5V /(%) 4.0V /(%)
P1 72.010 —65.097 216.038 169. 518 140. 258
P2 72.444 —64.601 216.693 170.128 140. 747
P3 80. 347 —59.421 219.927 172. 468 142.525
P4 75. 352 —62.711 217.830 170.949 141. 347
P5 73.229 —63. 963 217.041 170. 380 140. 989
P6 77.243 —61.490 218. 690 171. 654 141. 943
pP7 73.268 —64.103 216.954 170. 282 140. 870
PV 8.337 5.676 3.889 2.950 2.267

LCVR Bt~ M )07 58 B 2 W A Lyot 38 06 2% I K
VIl B i de e MR RL 2R o S F R A R AR T
RO LCVR (1 56 2 i) Ry 5 B8, S50 45 3 an & 6 s .
[ 6 v 2055 o LCVR B 45 i s 5 8 6o th 26 ot
L R R T B A LCVR B 220 17 5 14 6 (a) b 15

optical response

control signal

= -34.4400ms 1/AX = 29.036Hz AY(1) = -8.00025V

[ 6

®)

HE e T e 0 5 R 5 1K1 6 (b) Sk 4 il H e R A R 1)
£ 25 R o il ] s I 00 0 == B e U A% LCVR /YO
27 7 B[RS 2ok 40 ms. 5 TS AILAE SR
B AL, 22 O 5 Lyot S84 19 I 4 148 s 1] 7] /)y
T 100 ms,

= 30.3000ms

| 1/AX = 33.003Hz | AY{1) = -8.00025V

LCVR W62 M 0, 3 B2 o (a) B R T 5 (b) HL R B

Fig. 6 Response speed of the LCVR. (a) Voltage raise; (b) voltage drop

4 W Lyot U8 a8 19k K 2 b

FWHM 2 0. 1 A B9 05 186 25 10 6 27 56 8 K s
s 359 7 v R 2 BE B 50K SO 2R BRI 58 BT Y K BH G
TS 00 2 S . b KR B G 3 A AT X A% Lyot B
TG 14375 2o A W F AT X5 5%, O I FWHM & s
P o JEIE A Y U 4 e B AT e (% TR K K FH
I, RS RN L 4 R o 6T R R 5 1’ R

S G AR R SN K] 7 B
4.1 JE}X= FWHM

K BH G TE A AR AR A0 8 D 48 385 1 ol 8 B AT — R
B AN A R TE DRI, S A 8 O £ i Al FWHM 8
TEVHE B R 3 Ao 8 e 4 RUF I 00 2 A [R] e 4 R T
TGRS 3 i FWHM , 45 8 O6 G i U 2% i 9
R R AT B0 IE U8 Ot 48 B FWHM 5 BS H 75 &

2423001-5



F4 KRR HDEIE R

Table 4 Characteristics of 7-meter solar spectrometer

Parameter Value
Size of diffraction grating 10 mm X'10 mm
Grating linear density 600 g/mm
Focal length of collimator 6000 mm
Focal length of imaging lens 7000 mm
Entrance slit 0.1-0. 2 mm
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Fig. 10 Setup of the experimental system
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Table 5 Key parameters of the experimental system

Parameter Value
Pixel resolution of narrow-band channel 0.0497"
Pixel resolution of broadband channel 0.0279"
FOV (field of view) of narrow-band channel 101. 87"
FOV of broadband channel 57.12"
Exposure time 20 - 50 ms
Synchronization accuracy 1us
Synchronous acquisition frame rate 30 frame/s
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Fig. 11 Resolution target images with and without the filter. (a) Without the filter; (b) with the filter
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Abstract

Objective The Lyot filter is a key device for narrow-band imaging observations of the solar atmosphere, and is widely
employed for solar photospheric magnetic field measurements and solar chromospheric imaging observations. The
mechanically rotating waveplate speed is around 3-5 s, and the long wavelength switching speed limits the solar
atmospheric observation efficiency. If rapid wavelength tuning can be achieved, the effect of turbulent atmosphere on the
signal can be somewhat eliminated by smoothing multiple sets of data. The liquid crystal variable retarder is an
electronically controlled polarization element, and its utilization for phase instead of rotating waveplates can significantly
increase the speed of filter spectral line scanning. There are successful examples of adopting liquid crystals to adjust the
transmission band wavelength of Lyot filters. However, the spectral line widths of magnetically sensitive spectral lines
leveraged for solar photospheric magnetic field measurements are narrow, typically between 0. 1 A and 0.3 A. Therefore,
a very narrow transmitting band is required for the filter, usually with a FWHM below 0.1 A. The extremely narrow
transmission band puts forward higher demands for the installation, calibration, and control of the filter. Thus, we

propose to develop an extremely narrow FWHM liquid crystal filter for solar magnetic field measurements.

Methods We present the development, calibration, and observation verification of a multi-stage liquid crystal Lyot filter
with an FWHM of 0.1 A. First, the optical and electrical control design of the filter is shown. The filter consists of
multiple polarizing elements and liquid crystals. Second, the characteristics of the liquid crystal variable retarder are tested
by a Mueller matrix spectrometer. The Mueller matrix of the test sample is first obtained, and then the phase retardation
and fast axis azimuth parameters are estimated. The time stability, spatial uniformity, and electrical resolution of the liquid
crystal variable retarder in the filter are obtained. Then, the filter wavelength is calibrated by a high-resolution solar
spectrometer. The FWHM of the filter is measured and the central wavelength of the filter is aligned to the target position.
Finally, the liquid crystal filter is placed on the NVST experimental platform for observation and verification. The optical
image quality of the filter is measured by a test target, and a clear monochromatic image of the solar photosphere is
obtained by fast multi-wavelength observation. The Doppler velocity is calculated by the multi-wavelength monochromatic

image.

Results and Discussions The filter FWHM is measured to be 0.1 A with a central wavelength of 5324.19 A (Fig. 9),
and the filter wavelength switching speed is less than 100 ms (Fig. 6). The filter optical image quality meets the imaging
requirements of NVST diffraction limit in the NVST solar photospheric narrow-band observation system. The resolution
of the liquid crystal filter-based solar narrow-band observation system can reach 0. 1284" (Fig. 11). Different atmospheric
structures can be found in monochromatic images of different wavelengths of the solar photosphere (Fig. 12). Doppler

velocities are calculated using multi-wavelength images, which agree with the HMI results in the quiet region (Fig. 13).
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The filter employs a pre-filter with a 1 A blue shift in the central wavelength compared to the target wavelength, and there

is leakage risk in the secondary transmission band under the too large offset band. The peak transmittance of the filter can

be improved by replacing the polarizer in the Lyot unit at each level with a polarizer with higher transmittance.

Conclusions We develop a six-stage liquid crystal Lyot filter for solar photospheric magnetic field measurements. This
filter has a higher wavelength tuning speed than the conventional filters. The filter has an FWHM of 0.1 A and can be
adopted for scanning observations of the magnetically sensitive spectral lines of the sun's photosphere. The instrumental
performance of the liquid crystal filter is verified by observations in the NVST solar photospheric narrow-band observation
system. Multi-wavelength high-resolution monochrome images are obtained efficiently. The high-quality image data can
be leveraged for quantitative calculation of Doppler velocity and other physical parameters. The measured results show
that the spectral line scan speed of the filter is greatly improved compared with that of the conventional filters, and the
transmittance half-width and other parameters meet the design requirements. The filter performance has significant
features and performance advantages over the conventional filters and meets the high-resolution observation requirements

of the solar photospheric magnetic and velocity fields of NVST.

Key words filter; liquid crystal; solar spectrum; multi-wavelength imaging
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