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Abstract. A tunable Lithium Niobate (LiNbOgs) Fabry-
Perot filter (FP) (passband 165 mA at 6122 A) based video
magnetograph has been designed and fabricated. This in-
strument is capable of providing near simultaneous obser-
vations of photospheric longitudinal magnetic field, chro-
mospheric Ha, and photospheric Cal pictures using the
same telescope and back-end set-up. The magnetic field
measurements are made by using the polarization prop-
erties of the Zeeman components of the photospheric Cal
line at 6122 A (Landé g factor of 1.75). The Cal line has
been chosen due to its low temperature sensitivity and
no blend with other solar or atmospheric lines. A variable
electro-optic quarter wave retarder, KD*P (Potassium di-
Deuterium Phosphate) along with a linear polarizer is
used for analyzing the circular polarization of the Zeeman
components. The filter tuned at 140 mA away from the
line center in the blue wing is found to give the best lin-
ear response for the field strength up to 1500 Gauss. A
field of view (FOV) of ~ 4 x 3 arcmin on the solar disk
is imaged using a 699 x 288 pixel Cohu CCD camera in
synchronous with the KD*P modulation. The A/4 modu-
lation is achieved by applying +2100 volts to the KD*P
to obtain alternate frames of oppositely circular polarized
images. These images are stored in separate frame buffers
of an image acquisition system. To achieve high signal
to noise ratio, a large number of images (maximum 256)
are added in the respective frame buffers and then the
difference between the left and the right circularly polar-
ized images is obtained. This difference is related to the
magnetic field strength. On comparing the video magne-
tograms (VMG) obtained at Udaipur Solar Observatory
(USO) on 09 April 1997 at 09:32 UT with those taken
by SOHO/MDI at 09:41 UT, it was found that all the
magnetic features matched very well in both the magne-
tograms. In this paper we present the details of the instru-
ment and examples of observations.
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1. Introduction

A filter magnetograph is the more suitable instrument for
observing rapid changes in the magnetic fields, associated
with the solar dynamic phenomena compared to the spec-
trograph based magnetographs (Zirin 1995). The pre-flare
syndrome and the flare activity is best observed by using
the chromospheric Ha line. The emergence of new mag-
netic flux is believed to be important for triggering most
of the large solar flares (Heyvaerts et al. 1977; Canfield
et al. 1993; Debi et al. 1998). These fluxes appear as pores
and bipolar sunspots in photoheliograms and arch filament
system (AFS) in He filtergrams. Therefore it is important
to have simultaneous or near simultaneous observations
of the magnetic field, chromospheric and photospheric ac-
tivities. The filter magnetographs operating at Marshall
Space Flight center, Big Bear Solar Observatory (U.S.A.)
and Huairou solar station (China) have shown the im-
portance of these instruments in flare study. However, the
birefringent filters used in these magnetographs can not be
tuned rapidly to different wavelengths. Keeping in view of
the above factors, we have designed and fabricated a volt-
age tunable LiNbOg Fabry-Perot filter based video magne-
tograph, which can obtain near simultaneous photospheric
magnetograms, Ha filtergrams and continuum images of
an active region. Since these images are made by using
the same imaging set-up, the problems of registration and
inter calibration are minimized.

The Fabry-Perot (FP) etalons are extensively used in
astronomy (Meaburn 1970; Vaughan 1989). The availabil-
ity of high finesse FP etalons with large free spectral range
made it possible to use them in solar observations (Rust
et al. 1987; Bonaccini & Stauffer 1990; Debi et al. 1998).
Compared to the birefringent Lyot filters which are exten-
sively used in solar observations, the LiNbO3 FP etalons
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have the added advantage of fast voltage tunability which
is very convenient for multi-wavelength observations.
The USO video magnetograph (VMG) is the only such
instrument operational in the Indian longitude and fills an
important gap for continuous coverage of solar magnetic
field observations. The solar video magnetograph operat-
ing at USO could provide valuable data for synoptic stud-
ies of evolution of active regions. In this paper we present
the details of the instrument and examples of observations.

2. Basic principle of solar magnetograph

The principle of Zeeman splitting of a spectral line, is em-
ployed to measure the solar magnetic field. In the case of
longitudinal magnetic field the ¢; and o2 components of
the Zeeman triplet are left and right circularly polarized.
For the transverse magnetic field the o; and o2 compo-
nents are linearly polarized parallel to the field and the
unshifted = component is linearly polarized perpendicular
to the field. The o7 and o2 components are separated in
wavelength from the unshifted line,

A =4.67107 g\ H (1)

where H is the field strength in Gauss and g is the Landé
factor of the spectral line, A and A\ are in A units. For
weak magnetic fields, the direct measurement of Zeeman
splitting is not possible even with very high resolution
spectrographs. Therefore the polarization properties of the
Zeeman components is used to measure the magnetic field.
Since the o1 and 05 components are shifted in wavelengths
and oppositely polarized, choosing the left or right polar-
ized light i.e., o1 or o9, entering the system corresponds
to shifting of the lines. This principle is used in our video
magnetograph. We tune the narrow band filter on the blue
wing of the magnetically sensitive Cal 6122 A line. It is
found that tuning the filter at 140 mA away from the
line center gives acceptable linearity for magnetic field
measurement up to +1500 Gauss. By switching an electro-
optic variable A/4 retarder, the field-of-view (FOV) of so-
lar photosphere are imaged alternately in o; and o3 com-
ponents. A number of images, up to 256, are added for
each o1 and oy components separately in order to achieve
the acceptable signal to noise ratio. The difference be-
tween the averaged o1 and o, images is a measure of the
longitudinal magnetic field.

3. Instrumentation
8.1. Optical layout

The optical layout of the video magnetograph along with
the light feed is given in Fig. 1. The objective lens L1
(¢ = 15 cm, f/15) makes a solar image of 22 mm diameter
at the focal plane where a field stop FS is placed. A heat
filter HF is used to reduce the heat load on the optics and
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CCD camera saturation by blocking the IR radiation. A
portion of the image is enlarged by a factor of 2.7 by a relay
lens L2 to yield a 60 mm solar image (f/40). The pre-filter
wheel PFW, KD*P modulator, linear polarizer LP and FP
etalon filter are placed in the telecentric beam following
the lens L2. The fast axis of the KD*P crystal makes an
angle of 45° with the linear polarizer LP. Finally the image
is recorded by a CCD camera. To avoid scattered light
and ambient temperature variations, all the components
are mounted on the optical bench, and are enclosed in a
wooden box EN.

3.2. Fabry-Perot narrow band filter

A 60 mm aperture, high finesse voltage tunable LiNbOg3
FP etalon acquired from CSIRO Australia, is used as a
narrow band filter to isolate a portion at the wing of the
selected absorption line. The FP etalon is made by us-
ing a LiNbOg substrate of 0.175 mm thickness, both sides
of which are polished to A/200 and coated with high re-
flective SiOy and TasOs films. The resultant etalon has
a reflectivity of 93% over a wavelength range of 5000 to
6700 A. The tunability of the etalon is achieved by apply-
ing high voltage across the LiNbOg3 wafer which varies its
refractive index. A conductive ITO (Indium Tin Oxide)
coating is deposited for the application of electric field
across the crystal. The high voltage terminals made of
gold wires are bonded to the ITO coating with the help of
silver epoxy. The details of the FP parameters are given in
Table 1. In order to avoid the drift of the FP band pass due
to a change in the ambient temperature, the etalon is en-
closed in a constant temperature oven. The oven temper-
ature is maintained at 43 °C with a stability of + 0.05 °C
which provides a wavelength stability 5 mA. A bench test
was performed for determining different parameters of the
FP etalon, by placing it in front of the USO Littrow spec-
trograph coupled with 15 cm Zeiss coudé telescope. This
spectrograph has a dispersion of 0.047 A/pixel and an
f-ratio of f/40 similar to the light beam used for the video
magnetograph. Figure 2a show the observed FP channel
spectrum recorded near Cal 6122 A. The observed profiles
are corrected for the spectrograph instrumental broaden-
ing, using the Cal 6122 A line profile obtained from KPNO
digital solar spectral atlas (Debi et al. 1998). The cor-
rected profile is shown in Fig. 2b. At Ha 6563 A also,
the results are similar. Solar spectra were recorded by re-
moving the FP etalon placed in front of the spectrograph
slit. The measured Full-width at half maximum (FWHM),
Free-Spectral range (FSR), and finesse (FSR/FWHM) of
the etalon are given in the Table 1. The voltage tunability
of the etalon was determined by measuring the wavelength
shift of the channel spectrum as a function of voltage in
the range of —3000 to +3000 Volts in steps of 50 Volts.
With in this range the wavelength shift is linear with volt-
age and is found to 0.45 A per 1000 Volts.
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Fig. 1. Optical layout of USO video magnetograph. L1 - 15 cm objective lens, HF - heat filter, F'S - field stop, L2 - relay lens,
PFW - pre-filter wheel, KDP - KD*P electro-optic modulator, LP - linear polarizer, FP - Fabry-Perot etalon filter, CCD - CCD

video camera, EN - Wooden enclosure
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Fig. 2. The observed and corrected Fabry-Perot channel spec-
tra: a) and b) show the observed and corrected channel spectra
at 6122 A. The dotted line shows the solar spectrum, the in-
tensity is plotted in arbitrary units

To isolate 6122 A (Cal) and 6563 A (Ha) lines two
narrow band interference filters of passband 2.6 A and
3.5 A respectively are placed before the FP, and the volt-
age on the FP is accordingly changed to obtain VMG
in 6122 A line and Ha filtergrams. These two pre-filters
are also enclosed in separate temperature controlled ovens
and mounted on computer controlled filter wheel, in order
to make near simultaneous magnetic field, chromospheric,
and photospheric observations.

Table 1. Narrow band filter parameters

Etalon Properties

Substrate material : Z-cut LiNbO3

Substrate diameter : 73.6 mm
Usable aperture : 60 mm
Etalon thickness : 0.175 mm

Coating : Multilayer broad band, hard
ion assisted deposition
Of SiOQ, TaQO5, ITO
Reflectivity : 0.95 at A = 6120 A

Voltage sensitivity : 0.45 A per 1000 Volts

FP filter parameters Cal 6122 A Ha 6563 A

Free Spectral Range (A) 4.22 5.05
Passband (A) 0.16 0.22

Finesse (FSR/FWHM) : 26 23

Voltage applied (Volts) —1200 42500
Pre-filter parameters

Central wavelength (A) 6122.23 6563.98
Bandwidth (A) 2.68 3.58
Peak transmission (%) 33.50 23.03
Ambient temperature (°C) : 43.0 43.0

3.8. Circular polarization analyzer

A KD*P electro-optic quarter wave plate and a linear
polarizer constitute the circular polarization analyzer for
measuring the longitudinal magnetic field. The modulator
uses a thin (< 3 mm) Meadowlark KD*P crystal which
makes these cells suitable for using them in convergent
light beam slower than f/20 (West 1989). The fast axis
of the KD*P crystal is aligned at 45° to the transmission
axis of the linear polarizer and housed in an insulated en-
closure. The KD*P crystal is converted to £A/4 retarders
(at A = 6122 A) by applying 2100 Volts. In order to op-
erate the KD*P modulator a fast switchable high voltage
power supply was made, which can provide 2100 Volts
on the application of low voltage TTL pulses at the input.
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The TTL pulses are obtained from the centronics port of
the image acquisition system and synchronized with the
image frame acquisition, such that alternately captured
video frames contain left or right circularly polarized im-
ages. The left and right circular Zeeman components are
converted in to two mutually perpendicular linear polar-
izations depending on the sign of the applied voltage. One
of the components is blocked by the linear polarizer al-
lowing the selection of the image corresponding to left or
right circular polarization in the emerging beam.

8.4. Detector - Cohu 4710 series CCD camera

The detector used in the video magnetograph is a Cohu
make CCD monochrome camera with image sensor chip
TC277 from Texas Instruments. This camera provides
high resolution images with sensitivity as low as 0.25 lux,
zero geometric distortion and no lag or retention of images.
The CCD used is a frame transfer device with 9.2x16.8 pm
pixels arranged in 699 x 576 array in which half of the pixel
rows are masked for image storage and the other half are
exposed to light. This makes a resultant image area of
6.4 x 4.8 mm on the CCD chip. CCIR scanning system is
employed for the image read out, where a single video field
(one video frame contains two video fields -odd and even)
takes 1/50 seconds for scanning. During every video field
the charge accumulated in the storage section is read out
while the image section is exposed. The vertical blanking
pulses after each video field (two vertical blanking pulses
for each video frame) in the CCIR video output is detected
through software and used for the synchronization of the
KD*P switching and the entire data acquisition and re-
duction process. In the present optical set-up an area of
~ 4 x 3 arcmin of the solar disk is imaged by the camera,
which gives a resolution of 0.3 x 0.6 arcsec/pixel.

3.5. Image acquisition and control system

Block diagram of the image acquisition and control system
of the video magnetograph is given in Fig. 3. An Innovision
Inc., workstation, based on Motorola, MC68030, single
board VMEbus computer, and integrated with Imaging
Technology Series 150 image processing modules makes
the complete data acquisition and control system. The
image processing modules consists of one analogue-to-
digital interface (ADI) unit, two frame buffers (FB) and
one arithmetic and logic unit (ALU); all connected to the
VMEDbus of the host computer. The combination of the
host computer, series 150 modules and suitable software
can perform complex on-line real time digital image pro-
cessing tasks such as averaging of images and subtrac-
tion. The ADI employs an 8-bit flash A/D converter at
10 MHz sampling rate, which digitizes the video input
signal to 256 gray levels. The video bus transmits the dig-
itized data (VDI) to all the other modules. The frame
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Fig. 3. The schematic diagram of the optics, image acquisition
system and control electronics

buffers FB0 and FB1 contains the image storage required
for the real time processing of the data. Each FB consists
of a single 512 by 512 by 16-bit frame store (FRAME A)
and two 512 by 512 by 8-bit frame stores (Bl and B2).
ALU is a pipelined image processor which provides real
time image processing capabilities when used with ADI
and FB. The images from FRAME A and FRAME B are
processed by ALU and the result is stored in FRAME A,
which is finally transferred to the host computer.

A software was developed using C-language and ITEX
150/151 image processing library (Imaging Tech, Inc) for
real time processing and control of the video magneto-
graph (Mathew 1998). The flow chart illustrates the se-
quence of operation performed by the software during a
single acquisition cycle (Fig. 4a). The centronics port data
bits DO to D5, performs various control operations such
as opening and closing the telescope shutter, changing the
pre-filter, moving the relay lens for focusing the image for
Ha and Cal, changing the polarizer wheel, and switching
the KD*P high voltage supply. A single acquisition cycle
consists of several operations to obtain selected number of
magnetograms, Cal 6122 A and Ha images. To obtain the
photospheric Cal 6122 A images, the filter is kept tuned at
the same position where the Stokes V signal is taken. The
flow chart in Fig. 4b shows various steps involved to obtain
a single video magnetogram. For making magnetograms,
the Series150 modules are set up for continuous acquisition
and adding up of the images. The ALU is programmed
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Fig. 4. Flow chart showing: a) the operations involved in a single cycle of image acquisition, b) VMG operation for a single video

magnetogram

for adding the incoming video data on to the pervious
image already present in the FRAME A. The alternate
incoming video images are routed to FRAME A of FB0O
and FB1 respectively. This is synchronized with the KD*P
high voltage switching such that the alternate frames are
taken in the left and right circular polarizations. This pro-
cess can be repeated for a pre-selected number of frames
(maximum of 256 frames) to increase the signal to noise
(S/N) ratio. To integrate 256 frames, the systems takes
12 seconds. The whole sequence of one observation, takes
about 1 minute which consists of a video magnetogram av-
eraged over 256 frames, Cal photospheric image and Ha
filtergram.

3.6. Calibration and comparison

The calibration of the video magnetograms were made by
using the profile line slope method (Varsik 1995), which is
based on the weak field approximation (Jefferies & Mickey
1991). The Stokes parameter V can be expressed as,

Bj| = keaV (2)

ar ., \*
kcal = <_a )‘O g) (3)

where u = e /47 mc?; e and m are the charge and mass
of the electron, Ay the central wavelength of observation
in A, g the Landé factor of transition for absorption line,
By is the longitudinal magnetic field in Gauss and kcal
is the calibration factor. I the Stokes intensity obtained
in the absence of magnetic field and V is the intensity
obtained by subtracting a single pair of video frames taken
in opposite circular polarization. dI/dX is the measured
line slope by tuning the filter from —40 mA to —170 mA
from the line center in the steps of 25 mA. The measured
slope dI/d\ is found to be 0.047, which gives the value of
kcal = 2059 using Eq. (3). This constant is used in Eq. (2)
for conversion of measured Stokes V' intensity into the
magnetic field values in Gauss. The measured longitudinal
magnetic field is the observed average field over the spatial
resolution element and limited by the solar seeing. Further
as the spectral resolution of the FP etalon is small, the
accuracy of calibration by this method is rather low.

Figures 5a and b show USO and SOHO/MDI video
magnetograms obtained around the same time on 09 April
1997. The SOHO/MDI magnetogram is a part of the cal-
ibrated full-disk data (Scherrer et al. 1995). It may be
noticed that all the features observed in both the video
magnetograms match well. After accurate registration of
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Fig. 5. The magnetograms obtained for comparison on 09 April 1997 by: a) USO video magnetograph at 09:32 UT, b) SOHO/MDI
at 09:41 UT
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Fig. 6. Scatter plot made between calibrated USO and SOHO magnetograms
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Fig. 8. Composite picture of magnetogram, Cal 6122 A (—140 mA) and Ha images showing one cycle multi-wavelength obser-
vation. The upper panel shows the images of active region NOAA#7843 taken on 19 February 1995 and the lower panel shows
the same active region on 20 February 1995
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the two VMGs and degrading the spatial resolution of
USO VMG to match the SOHO/MDI, a scatter diagram
has been plotted and shown in Fig. 6. This plot demon-
strate the validity of the calibration procedure, except for
a small deviation of the slope of the scatter line from unity.
This deviation may be attributed to the use of different
spectral lines and difference in spectral and spatial reso-
lution of the two instruments.

4. Example of observations

The USO video magnetograph is being used for near-
simultaneous observations of longitudinal magnetic field,
photospheric, and Ha chromospheric activity. Figure 7
shows an example of a typical video magnetogram and
the corresponding image in the blue wing of Cal 6122 A
line. During the best seeing conditions, the fine magnetic
features of about 2—4 arcsec could be observed. The mini-
mum detectable field was found to be 15 Gauss as obtained
from the background noise level. Figure 8 shows an exam-
ple of video magnetogram, Cal 6122 A and Ha images of
active region NOAA 7843 obtained on 19 and 20 February
1995 in a single cycle of operation.

5. Summary

A video magnetograph using a voltage tunable LiNbOg
Fabry-Perot etalon has been designed and constructed and
is operational at Udaipur Solar Observatory. The instru-
ment is used in f/40 beam of the telescope with an ob-
jective aperture of 15 cm and an imaging relay lens in
telecentric mode. The comparison of USO magnetograms
with SOHO/MDI data shows the consistency of our mea-
surements. The preliminary data show the capability of
the instrument to take high spatial and temporal resolu-
tion observations which can be used to undertake study
of various problems related to the magnetic field and flare
productivity in active regions. This instrument is the first
such facility in the Indian longitudes and fills an impor-
tant gap for continuous coverage of observations of solar
active regions.
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