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1 Abstract

This report provides a detailed design of a dual Fabry-Rere¢d narrow band imaging
system intended to make observations of solar atmosphersilaie and near infrared
wavelengths. The narrow band imager will serve as one of #ok bnd instrument
planned for a proposed 2m class National Large Solar Tehes@dLST) by Indian
Institute of Astrophysics. The narrow band imager comgrise air spaced, high re-
flectivity, large free spectral range Fabry-Perot interfeeter. The instrument will
have a spectral resolution of about 4@\1to provide narrow band images of the solar
atmosphere. The dopplergrams can also be made at a spathltien of 0.06 arc-
sec/pixel. By combining it with the polarimeter, the narrband imager can also
provide magnetograms. Several simulations and numetigdies are carried out to
arrive at the instrument design. The study of the importasigh parameters includ-
ing optimum spacing ratio, field-of-view, optical layoupextral and spatial resolution,
signal-to-noise ratio etc is presented in detail. Finalgomparison between the pro-
posed instrument and similar instruments used in other sbiservatories around the
world is also made.

2 Introduction

National Large Solar Telescope (NLST) is being proposedhbyindian Institute of
Astrophysics (I1A), as a 2-m class next generation telesdogstudy the dynamics of
the solar atmosphere (especially photosphere and chrdraesp The telescope will
be placed in a suitable location in India where the sky ancthspheric conditions
will allow the maximum output from this instrument. More dié& of the NLST can
be obtained from Singh (2008). The telescope will also bépgepd with a high order
adaptive optics system to correct the image degradatioitiregsfrom the atmospheric
turbulence. The potential of this instrument can be max@aiwith state-of-the-art
back-end instruments. NLST equipped with high class backiestruments, that will
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not only help the solar community in solving many outstagdinientific problems in
solar physics, but also attract many young researchersdertake challenging areas
of research in solar physics. One such potential back-estcliment is a narrow-band
imager providing high contrast images of the solar atmospaevarious wavelengths
in the visible spectrum. This report is to build an imaginga&pograph using Fabry-
Perot (FP) etalon in tandem. The proposed instrument widdgable of fast narrow
band imaging at multiple wavelengths in the visible and hefaa-red spectrum. Addi-
tion of a polarimetric capability, which will be carried oas a separate project, would
further enhance the scientific output of this instrument.

Over the past decade, the quality and quantity of solar ebens from space- as
well as ground-based observatories have improved draatigticThese observations
have produced much detailed knowledge of structure andigonlof the solar atmo-
sphere both in magnetically active as well as quiet periotithA same time a great
progress has been made in theory to understand the physicagses that take place
in the sun’s interior and the solar atmosphere.

Scientifically rich observations of the solar atmosphereehzcome possible due
to the enormous progress in the imaging systems and higlsgeatroscopic instru-
ments. There is a huge demand for the solar data with highdeahpspatial and
spectral resolution taken in various wavelengths. Moreaesearchers often require
observations of different layers of the solar atmospheag sinultaneously.

It is well understood that features in the solar atmosphleaage very rapidly. The
speed of evolution of these features increase with deergasie. Hence, high spatial
resolution observations always demand high temporal eadeAt high spatial reso-
lution, these features usually evolve at the rate of souredp The chromospheric
features, for example, are believed to change at much festeithan the features at
the photosphere. This can be attributed purely to the fasiend speed at the chromo-
sphere compared to the photosphere. Also, within the lanéeposure time enough
photons need to be collected for good signal-to-noise astisof the physical param-
eters. The collection of a large amount of photons can besgetiby using a large
aperture solar telescope. But the spatial resolution isllyslimited by the Earth’s
atmospheric seeing. By using the high-order adaptive sgia/or post-facto tech-
nigques, one can minimize the atmospheric seeing effectshiee high spatial resolu-
tion imaging within a limited field-of-view (FOV).

It is well known that during active phenomena on the sun gf®i rapid change
in the magnetic field, velocity field and intensity (at a ratstér than 1 sec) at various
heights in the solar atmosphere (photosphere to coronapb3erve the solar atmo-
sphere at various heights simultaneously, it is necessamadge the sun at different
wavelengths since each spectral line forms at differenptgature and pressure (e.g.,
Ca Il H and K 3968 and 3934 in the lower chromosphere,d—6563,& in the chro-
mosphere and He | 10830in the upper chromosphere). It is not enough to do only
the photometry of the solar atmosphere. In many occasibms,nore meaningful
to have Doppler velocity and polarization measurementhysing the spectral line
profiles at different wavelength positions. This is onlygibke either using a high reso-
lution spectrograph or very narrow-band imaging systeke @ Lyot filter or FP based
system). A basic requirement of such an instrument is theleagth coverage (prefer-
ably from 40004 to 1.5um), together with high wavelength stability (10&nhr) and
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reproducibility of the selected spectral points over theeshing period. The stated
objectives can be achieved with a narrow band imaging syssgrable of high tempo-

ral cadence and fast imaging performance (3 or more imageesec), large spectral
(200000-250000) and spatial (0.1 arcsec) resolution witkompromising the large

FOV (1.5 arcmin) of the target object.

3 Anticipated Science Goals

Several scientific problems require high spatial, speetndl temporal resolution data
of the solar atmosphere observed at several spectral lirezsadlong time basis. In

the following, we briefly describe various scientific prabkethat require high quality

narrow band imaging data on a regular basis.

1. Shear in the active region magnetic fields at various heighthe solar atmo-
sphere and its role in triggering the solar flares and conmaals ejections.

2. Propagation of Alfven waves and acoustic waves in the stlisomosphere un-
der high spatial and spectral resolution.

3. Evolution of magnetic fields in the photosphere and chiphere during fila-
ment eruption.

4. Evolution of magnetic fields in the emerging active region
5. Flare induced changes in the spectral line properties.

6. On the relationship between the velocity and magnetiddigh the magnetic
structures.

In addition to the above suggested problems, the filteréhdsgh spectral, spatial
and temporal resolution can also help us to address the &rdsslies like: (1) the
region of magnetic flux cancellations in the solar atmosplaerd (2) the question of
when, where and why do we observe the small scale jet-likeifesin the penumbral
chromosphere and so on.

4 Instrument Requirement

In order to study and examine problems suggested above itieneely important
to build narrow band imaging systems. The narrow band ingagystem should be
capable of fast scanning at finer spectral resolution witkiguificant loss in the spatial
resolution. Some of the commonly used methods for narrowl raaging are:
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Spectrograph and spectral scanning method.

Lyot Filter (using a set of wave plates and polarizers).

Michelson Interferometer.

e Fabry-Perot Interferometer.

The relative merits and drawbacks of the narrow band imagystems suggested
above are as follows:

e The spectrograph based instruments offer very high spees@lution but suffer
from the low temporal cadence due to long scanning time rement of the
required FOV (typically takes 1 hr to scan a large activearli Moreover the
FOV is limited by the length and scan range of the spectrdystip

e The Lyot filters are good for narrow band imaging but the lifiroughput is
very low (a few %) and hence need long exposures.

e Michelson interferometer is good, but the achieved spentsolution is very
low. Also, it cannot be used for a large wavelength range amhaot shift to
differentwavelength using a single interferometer. Se, eed to build different
Michelson interferometer for a different wavelength range

e Fabry Perot (FP), as a single instrument may not be very Uisgfoarrow band
imaging. But it gives a very good spectral resolution whegdla tandem.

The rasterization of the spectrograph to make the image eavdided in the FP
based narrow band imaging. But at the same time it needs &istgjLtuning to scan
the line profile. Since the light throughput is very high fbetFP based system, the
sequential scanning on the line profile can be done very Isaftigbically of the order of
few seconds). This scanning speed may not be sufficientglflaires as the line profile
itself can change within few seconds. As a result, the dogmens and magnetograms
obtained during the flares may not be very reliable. Deshitedpparent drawback,
the information about the line profile change itself is usafud hence it is still worth
using. One of the major advantages of using scanning FP isttban be switched
between wavelengths very fast. So, by combining the FP viitbrdnt set of filters it
is possible to obtain the images in different wavelengthsis s one of our goals as
described in Section 3. Given these relative merits anddiins of these different
types of instruments, FP based spectrograph is chosenitvadil the scientific goals
presented in Section 3.

5 Fabry Perot Interferometer

A Fabry-Perot (FP) interferometer is a device which comsidttwo highly reflect-
ing parallel plates. It selectively transmits a particieavelength of light (when it is
combined with the order sorting filter) corresponding toésonance of the etalon.
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In solar astronomy the narrow band imaging instruments anstcucted by com-
bining the FP with the birefringent filters; And also by usidgr 3 FP in series in
combination with the interference filter as an order soxeiotm a multi-etalon sys-
tem, it can be used as bi-dimensional imaging spectromktartischeret al. 1998;
Cavallini, 2006).

The transmitted beam from the Fabry-Perot etalon is a fipajeern. The intensity
distribution of the transmitted beam is given by the Aindsrhiula (Jenkins and White,
1937),

|max
|l = — 1
1+ Fsir?(d/2) @
wherelmax= A?T?/(1— R?) is the maximum value of the intensity.= 4R/(1—R)?is
the reflective finesse. A, T and R are the amplitude of the artditight, transmitivity
of the Fabry Perot etalon and reflectivity of the etalon stefeespectively.d is the
phase difference between the transmitted rays and is giyen b

5= (2udco®)21/A, )

wherep is the refractive index of the media between the plateshaisdvavelength of
the incident rayd is the distance between the plates &rid the angle of the incident
ray with the normal. So, one can vary the phase between tleessige transmitted
rays by changing the refractive index of the material betwtbe plates or by changing
the distance between the plates or by changing the inalimati the FP surface or the
angle of incidence of the rays. In other words, the wavekesganning on the spectral
line profile can be done with one of the above methods. But attare it is easy
to vary the phase difference by moving one of the plates ordrying the refractive
index of the media between the plates. The transmitted bgarpériodic fringes with
a maximum intensity ofyaxand the minimum intensity ignin = A?T2/(1+ R)2.

The performance of the FP is characterized by two paramd#rthe finesse and
(b) the free spectral range. The finesse relates to the stegmi the fringes. Apart
from the reflectance, there are other parameters that alsceehe finesse and some
of these are ‘flatness of the plates’ and ‘parallelism of ta¢gs’ etc.

The wavelength spacing between two adjacent maxima in taengi that can be
determined without ambiguity is called the ‘free spectaaige (FSR)’ and is given by

)\2
B 2udco®’

So, the FSR decreases with increase in spacing betweeraties.pl

For solar observation in the desired wavelength band, tiedf®uld be larger than
the closely spaced spectral lines so that there will not lyeoaerlapping of the other
line while scanning.

The passband of the FP can be estimated from the FSR and fthatsee related
asA\ = FSR/F = \?/udy/F. By decreasing the spacing between the plates the FWHM
of the transmitted ray will increase. In a single etalon eysthe spectral resolution
depends on the finesse of the etalon and is given by,

FSR Q)
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The detailed results of how the effective finesse changéstivit wavelength, how
the wavelength varies as the distance between the platagebahe relationship be-
tween the spectral resolution and wavelength are given peAgdix A.

5.1 Types of FPI

Table 1:Comparison between different types of Fabry-Perot Interfeters.

Air-gap FPI Solid-gap FPI Liquid-gap FPI
Refractive index 1. 2.3 1.3-211
FWHM (min.) ~20 MA ~100 mA -
Total light ~ 50% ~ 50% -
throughput
FOV variation DN/ ~ 62 DN/ ~ 0%/ 2 DN/ ~ 0%/ 2
Tuning device Piezoelectric Lithium Niobate Liquid
Electronic Capacitance \oltage regulator | -
requirement +600V + 3000V -
Lifetime factors | Dielectric coatings Material breakdown leakage
Maintainance Parallelism Parallelism -
requirement -
Technology Large etalons | Thin elements -
Ghost reflections | super-polishing -
Disadvantage Large etalons | Wavefront error -
Local Finesse | minimum etalon -
variations thickness -
- High voltages -
Advantage Simplicity Larger FOV Large FOV
than air-gap FP
Technologyis | Technology not well
known is not well known known

Historically, two types of Fabry-Perot interferometer®(§) have been used in so-
lar observatories around the world. These are (1) air gaprieP(2) solid gap FP.
Recently, another type of FP i.e., liquid gap FP has beendntred into the market.
The defining features of different types of FPIs are desdrib&able 1 (cf. Gary, Bal-
asubramaniam and Sigwarth, 2002). Many details in the Thiale= self explanatory.
With the current technology, it is possible to fabricate méaFP of diameter about
20 cm. Maintaining the plate parallelism is still a techtlicahallenging task. Also,
a prefilter of that big size (about 20 cm) is not readily ava#an the market. Large
air-gap based etalons need large optics and more space.
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In the case of solid etalons the wafer should be thin and ilshime well polished
with surface accuracy of/200 or better. The solid gap based etalon offers a large
FQOV for the same size of air-gap based etalons. A very thieniafextremely fragile
and may require several careful trials to make one. Only @ feav companies have
the expertise to make the solid-gap based etalons. Duege tafractive index of the
material, any surface imperfection in the wafer will leatbiger error in the wavefront.
In changing the refractive index in the solid state etalonis mecessary to use a high
voltages. Even though it may not be a problem to build a higtage power supply,
the substrate could easily breakdown at very high voltalfleseover, the solid etalon
are very sensitive to ambient temperature changes. Therefio accurate temperature
control is extremely necessary to ensure the desired peaioce. In comparison to
solid etalon, the air-gap based etalons are less complerasdto handle in day to
day operation.
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Figure 1: The transmission profile of the air gap (solid liaedl solid gap (dashed line)
based interferometer. The intensity is normalized to unity

The transmission profile of the air gap and solid gap based BRawn in Figure 1.
From Table 1 and Figure 1, it is clear that the air-gap basddrehas many advantages
compared to the solid gap: (i) FSR is larger hence ordemspfilier can have broader
FWHM, (ii) Smaller voltage requirementto drive the elediics and (iii) Large finesse.
In the solid gap etalons, Because of complex process indatv@olishing the wafer
it is very difficult to produce etalons with an effective fisedarger than 25. The high
refractive index £ 2.3) of the solid wafer (crystal) increase the surface itegties
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and the crystal should be polished at least 5 times betterttteasurface accuracy of
the glass substrates used in the air-gap etalons. The dis@dyes of smaller FOV
compared to the solid-FP will be overcome by having a largetape air-gapped FPI.
With the advanced technology of piezoelectric feedbackedsiit is possible now to
maintain the parallelism with an accuracy of better thgdd0000 in air-gap FP. The
wavefront errors, super-polishing of the Lithium-Niobatel the induced polarization
by the crystal are unknown yet in solid-gap FP. Even we do notkhow much is
the variation in the refractive index of the material forfeient temperature. Also,
once the solid etalons are made available it is impossibtbamge its plate separation
and it is very important to reduce the parasitic light (seetie 5.5). In case of air-
based etalons, one can change the nominal plate sepafateseded. Because of the
operational complexity and uncertainties of the solidatal we prefer to use the air
gap etalons in our design.

5.2 Fabry-Perot Optical Mounting

There are mainly two common ways to mount the Fabry-Peretfitometer (FPI) in
the optical path. These are: (1) collimated mounting andgf2rentric mounting.

Collimated mounting:

Collimated mount

- g
-

e

FS L1 FPI(PS)

Figure 2: An optical layout for the FPI system in collimatesiin (Kentischer et al.
1998). The lens L1 images the telescope aperture into thelRBIre-imaging lens L2
forms the image on to the CCD camera through the FPI.

Figure 2 shows the FPI in collimated configuration. In thisfaguration the FPI is
kept in the collimated beam. In other words, the FPI is poséd close to the image
of the telescope’s entrance pupil. Hence, every point oimtlage will subtend certain
angle with respect to the optical axis of the FPI and henderéifit plate separations
for each image point. This leads to a wavelength shift adtos$-OV of interest. In
other words wavelength of the transmitted light at the eddése FOV is blue shifted.
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Figure 3: Left: Wavelength gradient developed across the FGair-gap FPI. Right:
same as left side image but for solid-gap FPI.

Also in this configuration, any non-uniformity or paralkath errors will lead to spectral
broadening since the beams are collimated going throughRlhe
The shift in the wavelength due to the angle of incidencevsmgby,

A (02
=5 (3) ©

wheref is the maximum angle of incidence and is given by,
0— Fovl/zAteIescope (6)

FOVy,, is half diagonal FOV, Asescopels the aperture of the telescope angh,A
is the aperture of the FP. For FP with an aperture of 15 cm witliagap (1 =1),
telescope with a size of 2 m, a FOV of 1.5 arcmin and obsenvalime at a wavelength
of 6300A , a shift in the wavelength is about 27A{Figure 3, left). The wavelength
gradient developed in the solid gap-£ 2.3) is very small compared to the air gap
based FP for the same FOV (Figure 3, right). This is purely tuheir refractive
index which is larger in solid-gap than in the air-gap FPI.

Telecentric Configuration:

In telecentric configuration (Figure 4), the FPI is place@inintermediate image
plane and the pupil image is collimated. In this configumatitere is no systematic
wavelength shift over the FOV due to the reason that eacht poirthe final image
passes through the full cone angle at the FPI. The maximuomwaillle beam angle
within this cone is a function of thé-number of the telecentric beam. In order to
obtain the desired spectral resolution, the angle of the ahwould be minimized. In
fact, the telecentric mode allows one to trade spectraluien against FOV. Table 2
summarizes the merits and demerits of these two configmsatitm spite of this, the
cone angle can produce broadening of the effective passbahid given by,

FWHMett = (FWHM? + AA2)Y2, @)
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Telecentric mount

FS L1 PS1 L2 FPI L3 pPs2 14 FpP2

Figure 4: An optical layout for the FPI system in telecenb&am (Kentischer et al.
1998). The solar image (FS) with 90 arcsec FOV is projectaxthe FPI system using
L1 & L2. L3 & L4 re-image the FOV onto the detector (FP2). PSH &82 restricts
the beam size.

Table 2:Comparison between the collimated and telecentric optimafigurations of FPIs.

Collimated | Telecentric
Wavelength shift across the FOVyes no
Wavefront distortion large small
Influence of dust on the image | low large
Alignment sensitivity large low
Blocking ghost reflections difficult easy
Influence of plate shape broadening| wavelength shift
Spectral line broadening No Yes

where,FWHM is the full width at half maximum of the FP ard\s is the wavelength
shift across the FOV. For example, to achieve a spectraluso of 200000 (an ef-
fective broadening of 32 A& at 6302 ) using 15 cm aperture FP, 1.5 arcmin FOV,
the FWHM of the FP should be less than 18 nwith the same setup for a solid-gap
FP with refractive index of 2.3, the required FWHM will be stoto 30 . So, there
is very little broadening of the spectral line in the soligpgcompared to the air-gap
based FPs.

5.3 Instrument Design Specifications

The FP etalons in series has better performance than justke $iP. For our purpose
we would like to have: (1) high spectral resolution, (2) lEgpectral range, (3) large
field-of-view to cover the sunspot as a whole, (4) high ligitotughput to have suffi-
cientlight, (5) fast change between wavelengths, (6) gomblength stability, and (7)
minimum stray light. Table 3 shows the required parameteechieve the different
science goals as presented in Section 3.. Table 4 gives signdgpecifications of the
FP based imaging spectrometer that can meet our scientils.go
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Table 3:The requirements to achieve the proposed science goalstacthere. In the Table SG,
SL, IC, RQ, RES, FOV, AR and CAD corresponds to science gspbs;tral line, image cadence,
requirement, spatial resolution, field-of-view, additmnequirement and the cadence required
for the additional requirement respectively. And Dop, VM&RL, LM and Int corresponds
to Dopplergram, Vector Magnetogram, Spectral line, lifisight magnetogram and intensity
image respectively. The science goals are written in a seguas described in Section 3.

SG | SL IC RQ RES | FOV AR CAD
1. Hq 30-40s Int 01" | 1.5 VMG | 2min
8542
2. | 8542 | 1 Frame/s| Int 0.17 | 1-1.5 | VMG | 20 min
Dop | 2/min 0.1”
3. | 8542 | 2min Int LM | 60’ VMG | 20 min
Dop
4, | 8542 | 1-min LM 0.1” | 20-30" | VMG | 10-20 min
DOP
5. 6302 | 1sec SPL 0.1 | 10-20¢
20 sec LM 0.1”
20 sec DOP 0.1”
6. 6302 | 1 min 0.7 VMG 0.7 | 30’ Int 10 sec
8542 | 1 min 0.7 VMG to to
5576 | 1 min 0.1 Velocity | 1.0" | 90"

Table 4:The design specifications of the narrow band imaging syst@m2axFP in series.

Spectral Resolution > 200000 at 6008
Spectral Range 5000A - 9000A.
Field of View < 1.5 arcmin
Maximum Ghost Transmissioh 10~

Signal to Noise Ratio > 500

Peak Transmission > 50%
Wavelength Stability < 10 mivhr
Tuning Rate > 10 pm/ms
Blocking Prefilter 2-3A range
Maximum Stray Light 1073

Image Cadence > 1 frame per sec

5.4 Optical Configurations of the FP Based Spectrometer

Figure 5 shows a typical optical layout for the dual FP in edehtric configuration. A
set of collimator lens and imaging lens before the FPs formi@mmediate image near
the first FP and then another set of collimator and re-imalging forms the final image
on the CCD camera. A prefilter with a8 passband can be used in between the FPs



5 FABRY PEROT INTERFEROMETER 12
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CCcD
Instrument control
controller unit

control unit

Figure 5: Schematic layout of the optical elements for a dhadiry-Perot etalons in
tandem.

or in the collimated beam. If we keep the prefilter in betwéenRPs it will reduce the
ghost reflections between the FPs (Cavallini, 2006). On therdhand by keeping the
prefilter in the collimated beam will reduce the size of thefitier. Small size filters
(~5-6 cm) are readily available in the market. A CCD camera witbquired area for
the chosen FOV will be kept at the final image plane. The peefdssembly can be
kept inside the temperature controlled oven with motorizetrol to change different
filters.

The field stop restricts the FOV and it also prevents theeattight from entering
into the FP optical system. A beam splitter placed after #id &top (not shown in Fig-
ure 5) is used to tap a small amount of beam (may 4®% of the main beam) to form
continuum images. These continuum images are useful forgdodst-processing on
the images (like destreching, co-alignment of various iesaigken in different wave-
lengths etc).

Since the system is dual FP in series, there will be ghost@sdgrmed by the
reflection between the two FPs. The intensity of the ghosgesas about 12% of the
transmitted beam for the first reflection and 5% of the trattsghbeam for the second
reflection. The ghost can be removed by tilting the FPs by dlsmgle of 0.2 or by
placing the order sorting filter in-between the two FPs. ENmugh the tilt removes
the ghost but it introduces intensity gradients in the tnaitted beam due to the shift
in the passband of two FPs.

The whole system including the CCD camera needs to be autdmbhe automa-
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tion software should do the following: (1) maintain the pieiesm of the two plates
in FPs, (2) lock both the FPs on the desired solar line, ()rsog over the line pro-
file, (4) centering of the prefilter passband, (5) synchratiin between the CCD and
FP scanning, and (6) take the flat field on various wavelenggh the line profile. A
graphical user interface (GUI) will be required to commuatécbetween the computer
and the observer. Most of the tasks for the etalon shall watkraatically and they
should be synchronized with the temperature controlleD@8mera and the prefilter
assembly. And finally - at the later stage - the whole setupbsamade controllable
remotely.

5.5 Fabry-Perot Etalons in Combination With the Order Sorting

Filter
Optimum Ratio
O N L
| Spacing Ratio = 0.2768
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Figure 6: A plot of parasitic light vs spacing ratio for dueiklon system. The two ver-
tical lines define a range where the contribution from thagisic light is the minimum.
The two horizontal lines indicate the 10% and 1% level of thepitic light.

In the proposed narrow band imager (Section 5.4) there ar&Rg kept in tandem
with the narrow band order sorting interference filterNIsuch FPs are kept in series
with the order sorting filter then the resulting instruméptafile | (A) is obtained by,
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N
1) =16V (8)

where, || is the transmission of the order sorting filter, dandaries from 1 toN.

The advantages of using more FPs are: (1) the unwanted satéeirence orders are
suppressed, (2) the spectral resolving power increasds(3rihe interference filter
(IF) with larger passband can be used. Some of the disadyestae: (1) increase in
system complexity, (2) the overall decrease in transpgrema (3) the loss in optical
quality. The main goal of our project is to achieve a highighanhd spectral resolution
without losing the optical quality. Hence, we preferred alddtalon system rather than
triple or more.
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Figure 7: Top: A plot of parasitic lightR) at 63004 vs the spacing of the thickest FPI
is shown. Bottom: Spectral resolving pow®) @t 8600A is plotted as a function of

spacing of the thickest FPI. These plots are shown for réflgcof 0.9 to 0.95 in steps

of 0.01. The middle dashed line refers to a reflectivity 0f30.9

Once the number of etalons and the mounting system have led@ed, the next
step is to search for the optimum ratio between the intenfieter spacings at which
it best reduces the parasitic light from the side bands. Tdragitic light is defined
as the ratio between the flux outside and inside the instrtahenofile. By using
the methodology given in Cavallini (2003) we estimated theapitic light with the
following parameters: the refractive indgix1, the incidence anglé=0, absorption
coefficientA = 0.01, coating reflectivitR = 0.95, FWHMg = 3A centered at 6304 ,
and peak transparenty: =0.3. Figure 6 shows the plot of parasitic light vs the rafio o
the FPs spacing. Here we have kept the first FPI (FPI-I) at 2 ndhvaried the spacing
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of the second FPI (FPI-II) insteps of 0.01, till the ratio abjo 1 (ratio =dy/d; where
di & dy are the separation between the plates in FPI-l and FPI-II).

From the plot (Figure 6) it is clear that the smallest levehef parasitic light is ob-
tained for the spacing ratio of 0.277. The estimated pacdgjht is for 6302A wave-
length. This being the optimum ratio, now one can adjust flecisg between the
plates of FP-1 such that the spectral resolution is optichiz&gain by following the
method of Cavallini (2003) we optimize the spectral resoluR = 2.0x 10° (Figure
7, bottom) for a spacing of FPI-1 = 2.283 mm at which the pai@ght is less than
2% (Figure 7, top). So, the dual FPs with a spacing of FPI-82.&im and FPI-II
0.637 mm and a coating reflectivig= 0.93 have been considered as the best values
for getting the best parameters such as large transpardemcghosts, low parasitic
light, high image quality and high spectral resolution.

5.6 Minimum Size of the Required Fabry-Perot

The spectral resolution in the telecentric mounting depesrdthe focal ratio of the
beam. In the collimated beam the FWHM of the transmitted tspkline can be ap-
proximated as,

)\2
DNEWHM ~ ——————.
110 [RV F(1+82)
where,\g is the central wavelength; ds the spacing of the FPI-1 in the series and
€ = dy/d;. In this calculationd; = 2.3 mm (obtained from Section 5.5) aad 0.277.
At the 6302A line, the FWHM @ArwHwm) is estimated as 19.24n

In the telecentric configuration, the collimated FWHRMAew M) adds with the
telecentric spreafiAs as follows:

DN = \/DNE g+ DAZ. (10)

V\/oith the requirement thadA equal to 33 we get a telecentric spreaths =
27 mA. The change in the FWHM as a function of half anglef the telecentric ray
cone is approximated as,

(9)

- 8F2
where, theF,, is the focal ratio of the telecentric beam. For 63782ine, the
estimated focal ratio is 170.8.

Following Darvann and Owner-Petersen (1994), the requsisel of the FP for a
given FOV is given by,

Mg (11)

Drpi = FroOFovD. (12)

where, theag oy is the FOV and is the diameter of the telescope. For a telescope
of 2 m class and a FOV of 1.5 arc-min, the clear aperture of thelould be 14.9 cm.
Hence, the adoption of 15 cm aperture air gap FP from IC Opfigstems Ltd. (UK)
or any other company can be utilized for this project. At fioisal ratio the spectral
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resolution at 6302 is 1.91x 10° which is close to the desired parameter in the design
specification that meets all our scientific goals.

5.7 The Transmission Profile of the Air Gap FPI system

log(T)

d =2.282 mm
104 d, = 0.632mm
l T T I T T I T T I T T I
6292 6297 6302 6307 6312

Wavelength (A)

Figure 8: The transmission profile of the dual air-gap FPI€dmbination with a

3 A transmission filter. The reflectivity of 0.93 is taken in cpating the transmis-
sion profile.

Figure 8 shows the transmission profile of the air gap mediuaf FPs in tandem.
In estimating the transmission profile of the dual FPI systenhave used the spacing
of the FPI-l as 2.283 mm and the FPI-Il as 0.632 mm, with a rifiégcof 0.93 and the
FWHM of the transmission filter as8with two cavities. The profile shown here is for
the FPs kept in the collimated beam. In the telecentric cardigon, the transmission

profiles will be similar except that the spectral line will bevadened due to the large
FOV.
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5.8 Specifications of the Fabry-Perot Etalons

The IC Optics™ makes piezoelectrically tunable etalons that are constiugsing
two highly polished glass plates. One of the glass platesoignted on the movable
piezoelectric stacks. The IC Optics FP operates on the tiraenel bridge system
using capacitance micrometers and piezoelectric acslafocombination of capaci-
tance micrometer and piezoelectric actuators monitor ancect the errors in mirror
parallelism and spacing. Out of three channels, two chargwitrol parallelism and
the third maintains the plate spacing by locking it to theitydength. This is achieved
by referencing the capacitor to a high stability standaferesce capacitor. The whole
unit functions in a closed loop servo system, thus elimigatiny nonlinearity and
hysteresis in the piezo drive. The detailed specificatidriserequired FP is given in
Table 5.

Table 5:Details of the required specifications of the FPs for narrawciimaging system.

Specification Value

Fabry Perot Substrate MaterialFused Silica

Reflectivity 0.95 ath 6000-9000A

Type of FP ET 150 IC Optics Inc.

Clear Aperture 15cm

Surface Accuracy A200

Number of FPs 2

Etalons Plate spacing 2.283 mm for FP-I and 0.637 mm for FP-|I
Coating Multilayer Coating

Displacement + 2um with 4096 steps

5.9 Stability of the Spectrometer Over the Wavelength

The FP based spectrometer are usually kept inside a terapecantrolled enclosure
with the ambient temperature specified by the manufactdiee. temperature should
be maintained constant within 0Q or better depending on the manufacturers speci-
fication of the FP. Temperature controller is calibrateceldasn the careful laboratory
measurements of the wavelength drift with temperature.

Wavelength stability of the FP system is generally caleddtom the accuracy
of the temperature controller, tolerance to the paraiteled the plates, beam angle
with respect to the plates and plate separation etc. Tyipitte¢ required stability of
the wavelength is about 10Awhr, which is much smaller than the resolution of the
spectrometer.

5.10 The Exposure Time and Signal to Noise Ratio

Itis very important to know the exposure time and the signaldise ratio (SNR) at the
detector. These quantities can be calculated by using fleetance and transmittance
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of all the optical components in the path of the beam. Thershla at 6318A con-
tinuum wavelength (which is close to 6363 is 1.638<10° J m2 m~! s~1 (1.638

W m~2 nm~1) (obtained from http://lasp.colorado.edu/sorce/inbx) which corre-
sponds to a photon flux of 5.281.0%" photons m2 m~1 s~1. We can relate the photon
flux to the number of electrons at the detector per secondrasguhe specific char-
acteristics of the telescope and the imaging instrument.a¥geime the atmospheric
transmission iS4m=0.95. This is almost close to the quoted value of atmospheri
transmission if one neglects molecular scattering andsaéebsorption (Cox, 2000).
The proposed NLST telescope will have a six mirrors (inahgdihe primary) each
with a reflectivity of 95%. The intensity of the reflected beftom the primary of the
telescope to the end of sixth reflecting surface is reduced % which takes the
atmospheric transmission into account. The lens-let aféye adaptive optics system
will take-out a few percent of the beam and other instrumehtequire a few more
percent of the main beam. Hence, while reaching the proposedw band imaging
system the intensity of the beam will be reduced to 60%. Tdrestmission of the etalon
is 80% each and the order sorting filter transmits the lightbgut 40%. Hence, the
final beam will have an intensity of 15% of the original solaxfl The FWHM of the
imaging instrument is 33 A The FOV is 1.5 arcmin circular. For a 2042048 pixel
CCD camera (pixel resolution of 0.06 arcsec) with 60% quareificiency we should
be able to detect 6.43L0° electrons s! which corresponds to an exposure time of
about 54 ms for a full well of 3.51C° electrons. To avoid the image saturation, it is
sufficient to consider about 80% of the full well capacitylw#3 ms exposure time. If
the CCD readout time is about 100 ms then we should be ablé tt ¢gast 6 images
per second. At this photon detection level the SNR is 532 f@a@ 0.06 arcsec reso-
lution there are enough photons to achieve the desired St Ryquist sampling at
the diffraction limit of the 2-m class telescope, (0.03%aper pixel), a CCD larger
than 204& 2048 pixels is necessary to cover the required FOV. The SNR 600
can be attained with an exposure time of 100 ms or larger. Bv#his resolution, the
cadence will be around 5-frames per second.

Itis also possible to make the dopplergrams with this duéklgtem. By acquiring
the intensity images in the red and blue wing(s) of the 6&0ine (or any other line)
one can make the dopplergrams. The intensity can be medautheded and blue wing
at a position of 60% level below the continuum. Then by usirggsimple relation, one
can construct the Doppler maps as,

Ired — lblue
Viop= K—7. 13
op Ired + lblue (13)

The error in measuring the Doppler velocity for zero shifthe wavelength posi-

tion is given by,
/ 1
oy=Ky/——. 14
Y Ired"‘lblue ( )

The photon counts at the 60% intensity of the continuum veélieo43x 106° pho-
tons s1. Using this value, the error in measuring the velocity carstémated to be
2.795<10 %K. Here, theK is the calibration constant, measured in terms of ki s
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This constant will vary with different spectral lines. Aftesing the 6302 line with a
40 mA FWHM (of the narrow band FPI system) the valuekols 7506.13 km st. Us-
ing this value oK we estimated the error in the Doppler velocity to be about 24t

The estimation of the error in measuring the magnetic fieidgugolarimetry will
be discussed in a separate technical report.

6 Items Needed and Cost of the Project

Table 6:The required components for the project.

Iltems Price

Fabry Perot Interferometer 13000002 = Rs. 260 lakh
Order sorting filters 5000005 = Rs. 25 lakhs
CCD camera 40 lakhs

Lenses, prism, optical table & opto-mechanical mounts|e30 lakhs

Temperature controlled enclosure and platform 5 lakh

Electronic and electrical items 10 lakhs

Enclosure, Filter Wheel & Miscellaneous 20 lakhs

Total 390 lakhs

Based on the above suggested optical layout for the FP bpsettemeter (Figure
5) it is necessary to have a set of combination of lenses. drsek will be achromatic
doublet and will be able to cover a wavelength range of 500008 A 5-10% beam
splitter is required to tap a portion of the main beam to bkzeti for the continuum
imaging purpose. It is also necessary to have a set of inggrée filters with a pass
band of 2-3A for different wavelengths of interest. Few wavelengthsndérest are:
Hq 6563A, Fe | 6302A filter, and Ca Il 85424 line.

It is also important to have a good performance CCD cameta thié specifica-
tions mentioned in Section 5.10. Other accessories inatuglghanical components,
holders, clamps, posts etc. Finally an optical table, alilmkaser or a spectrometer
are necessary to calibrate the FPs in the laboratory ang gtugerformance.

The cost of each item depends on the quality, quantity ande¢helor who pro-
vides them. The most expensive item in this project is the FRs cost would include
the interface card, control software, piezo-electric callgr, power supply etc. The
next expensive item is the prefilter assembly. The opticdlraachanical items (CCD
camera, vibration free table, temperature controlleicstc) would also cost a signif-
icant amount. Based on the current estimates, the tentatoget of the entire project
is around Rs. 400 lakhs. The material cost may change with. tif revised cost
estimate would be made at the time of detailed project report
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7 Other Contemporary Instruments

Table 7:Comparison of FP based narrow band imaging system arounebithe. TESOS, IBIS,
VTT and NLST corresponds to Telecentric Etalon SOlar Spewgter, Interferometric Bidimen-
sional Spectrometer, Vacuum Tower Telescope and Naticergld Solar Telescope respectively.
In the Table AA corresponds to spectral resolution, Pixel Res correspundpatial resolution
in terms of arcsec/pixel and FOV is the field-of-view.

System | AA Pixel Res arcse¢ FOV arcsec
TESOS| 320000/16000Q 0.15 100

IBIS 200000 0.2 80

VTT 160000 0.11 78x58
NLST | 200000 0.06 & 0.039 90

The Telecentric Etalon SOlar Spectrometer (TESOS) is &tdfalon system, de-
veloped and installed at the Observatorio del Teide, Tenefhe observation is done
at 0.15 arcsec resolution and FOV is 100 arcsec. The systetsvio the optical
wavelength region. The Interferometric Bidimentional &pemeter (IBIS) was de-
veloped by the Italian group and installed at the Dunn Soiedcope (DST) of the
National Solar Observatory, USA. This is a dual etalon sysigth a spatial resolution
of 0.2 arcsec and a FOV of 80 arcsec. The spectral resoligi@d0000 and operat-
ing at near infra-red wavelength range. The Institut Fltrégghysik developed a 2D
spectrometer for the VTT in 1986 and they have upgraded it0ip62 The FOV is
78 arcseg 58 arcsec, with a pixel resolution of 0.11 arcsec. This umsgnt works in
the wavelength range of 5300-868Mvith a spectral resolution of 160000.

Table 7 shows the comparison of all the instruments inclyithie proposed narrow
band imaging system for the NLST. In all these instrumerhis, 9pectral resolution
and FOV is comparable to our proposed imaging system, exicepatial resolution
which is large by a factor of 2 or more in our case. With thisoheson we will be
able to achieve the projected science goals. We will folloms of the concepts in the
designs and characteristics of these instruments in opoged instrument.

8 Summary

The Indian Institute of Astrophysics is planning to build en2class telescope to be
commissioned in one of the high altitude sites in Himalay&kis telescope will be
dedicated to the solar astronomy to do the observationghtarigular resolution. The
current report describes an instrument for narrow band iingagith high spatial and
spectral resolution. This report is written with a clear lgefadeploying the FP based
spectrometer on the NLST as one of the back-end instrumensofar observations.
It is also assumed that the NLST project will have fully fuontng adaptive optics
system and also the post-processing capabilities likeképedestreching etc. The
projected FOV may not be available all the time at the fultspaesolution (due to the
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seeing limitations and the limitation of the AO correctiomay from the iso-planatic
patch) but it is sufficient to cover certain type of obsemasi as mentioned in the
scientific goals.

NLST is one of the high priority projects of 1lA which is proped to fulfill the
long standing desire of the solar community in the counttye 2-m class high reso-
lution telescope is expected to help address many intrigpiinblems in solar physics.
The key scientific goals of the telescope are explained ilNIb®T project document
(NLST proposal (2006)). As usual, the back-end instrumeiiltsplay an important
and decisive role in realizing the stated objectives of ttogget. To this end, we have
proposed a narrow band dual Fabry-Perot imager to studyaheus aspects of solar
atmosphere at different wavelengths. The proposed FPrdisssyipported by detailed
studies comprising stray light modeling, ghost transmigssoptimum plate spacings,
mounting configurations and computer simulations desdritbéhe preceding sections.
These results clearly show that the designed instrumehivevdapable of achieving the
desired spectral and temporal resolution necessary totimeetquirements of narrow
band imaging system for NLST.
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Appendix

The effective finessdicqy) in the collimated beam is (Darvann and Owner-Petersen,
1994),

m 1 )\r 1 2y-1/2
5 (F + (5 5e0s®)) (15)
where, F is the reflective finesse),, is the peak transmission wavelengthygl
full width fractions of a reference wavelengkh. Hence, the finesse is a function of
mounting and of surface flatness, parallelism, and refiégtR. Figure 9 shows the
variation in finesse as a function of wavelength. The plohisw for two values of
reflectivity 0.9 and 0.95. The surface flatness is taken th/d&0 or better at 5008.
The angle® = 0. From the plot it is clear that effective finesse decreasgttsdecrease
in reflectivity.
The spectral resolution of the FP system in the collimateohbis given by,

docog0)
Ap

Ficoll =

Res= 2Fi (16)

Figure 10 shows the plot of minimum spacing needed to obtaisalution of
2% 10° as a function of wavelength. The results are shown for twiedifit reflectiv-
ities. It can be seen in the plot that the spacing between lttespincreases as the
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Figure 9: A plot of effective finesse as a function of wavelbnig shown here. The
solid curve is for the reflectance of 0.95 and the dashed dsrfge the reflectance of
0.9.
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Figure 10: A plot of optimal spacing needed to obtain a reswiuof 2x10° as a
function of wavelength. The solid curve is for the refleg¢fivaf 0.95 and the dashed
curve is for the reflectivity of 0.9.

wavelength increases to keep the same resolutionxdf® And as the reflectivity
increases the spacing required to keep the same resolstemall compared to the
smaller reflectivity. But at the same time as the spacingemses, the FSR decreases
resulting in larger ghosts in the image.

By assuming the reflectivity as 0.95, we have plotted theluéiso as a function
of wavelength for a fixed spacing between the FP plates (Eigjlj. From the plot it
is clear that the resolution decreases as the wavelengtraises and the resolution is
large for larger separation.

According to the manufacturer the spacing can be tuned nvii error in the
spacing of m For such an error in the spacing, the scanning range in thelergth
is given by,
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Figure 11: A plot of spectral resolution as a function of wength for a fixed plate
spacing.
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Figure 12: A plot of scanning wavelength range at differeave@engths for a fixed
plate separation of 1.4, 2.2 and 4.1 mm withpar&rror in spacing .

DAp = ApAd/do (17)

where, theAd is the error in keeping the correct spacing dn our calculation
Ad=3umanddp is the spacing between the FP plates and it is fixed at 1.4 nhmh
and 4.1 mm. Figure 12 shows the plot of scanning range in \wagéh due to the error
in the spacing distance of aboytr®as a function of wavelength. From the plot it is
clear that the scanning range in the wavelength is largeofogdr wavelength. It is
larger than 3 for a plate separation of 2.2 mm at the wavelength of 68080, a
separation of 4.1 mm or larger is required to keep the scgmainge within 3A. But
at that plate separation the FSR decreases. So, one hastmihetthe optimum plate
separation.
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