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The Solar Magnetometer of Kodaikanal Observatory
J. G. Bhattacharyya

Abziract

An Instrument capable of meavn cment of wenk longliudinal component of magnetlc flolds on the
sun has been dua'igncd and contructed for f;];:mllnn with the harizonial solar telescope and high dispersion
ﬂammgml}hhnr odnikanal Obgcrvntory. Deiailed features of the optieal and clecironic design have heen

{rcumed. The instrument uses the ninciple of the Bahcock ma inetogeaph and hes additional facilitles of
simultnneony meanwements of Doppler velocities and line core intenaltion A photn-olectrle gulding atinch-
meont for the rolar image hay nlso heen described. Tho perlormanee of the Insirument and relinbility of the
measurcments have been discuseed,

1. Horixontal Solax Teloscope |

The new horizonlal solar tclcscope was installed in 1960 in Kodaikanal Obser-
valory 1o facilitate detailed studics of the sun.  The complele oplical and electronic
drive system was supplied by Grubb Parsons and consisis of & three mirror coclostat
arrangement fceding a 38cm, [f90 Lwo clement objective Iens. A 35cm solar image is
produced by the tcﬁcscopc which is followed in the opteal trein by a high dispersion
spectrograph, that provides high resolution spceira for further refined moasurements,

he horizontal tclescope is housed in a long underground tunncl to minimise the efects
of temperature variation. The first two mirroms of the cocloslat system are mounted
on a lower 10 melers abave ground level Lo avoil secing flucluations that originate ncar
the ground.

2, Tho Coelostat System

The first mirror of Lhe coelosial, an :J:rtical flai of fused quaertz of aluminised
surface 6lcm in diameter, is mounted in B cell with equontorial mounting arrangement
and is driven hy a synchronous motor gearcd down in such a way aa to EE'ollow the sun
with high accuracy. The seudplply frequency of the synchronous motor is 47.338 cycles
nominally, which is gencerated by a Wein hridge oscillator with its elements in a thermo-
atatically controlled oven. A scparate luning unit provides emall adjusunents needed
Lo copce with the variations in the sun’s ap'parcnt motion. The oscillator output is phase
split and amrpliﬁcd by thrce power amplificrs to produce a 3 phase 440V supply with a
very stable [requency.

The sccond coelostat mirror, identical to the first is also cquatorially mounted
and has independent remoie controlled slow and fast movements around two perpendi-
cular axes, that enable the observer lo move and centire any part of the solar image on to
the apectrograph slit,

The third mirror located at the bottam of the tower is again a 61cm optical fused

uartz flai, bul fixed at an angle of 45° o thc vertical so as lo render the beam from

ﬂlc lower coclostal mirrors horizontal along the axis of the 60 metre long under-
ground {unnel,
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3. The Imaging System

The horizontal solar heam [lls on a 38 cm diamcter, two clement achromag
objective lens with 8 focnd length of 36 mctors. Anti~reflection coating of 2 thin fim
of magnesium (luoride i8 provided on the lens to reduce light loss by reflection al the two
surfaces. 'The lens is mounted on a reinole controlled traciion carringe Lo cnable carryi
out gmall changes in (bcussing when working al extreme cdges of the spectrum, *To
facilitate visual mspection, the solar image is focussed on a white metnl screen, which
forms the end plate of the 18 metre diffraction spectrograph.

4. The Speotrograph

The high dispersion npcc'tmg'rar%[l}[ consists of a large planc reflection Babeock

ting in 8 Lillrow arrangement, 1w graling has an area of 153 mm x 208 mm,
which 600 lines to the millimetre und blazed in the Gfth order at 5000%. '['he Litirow
lens is a 20 cm, [f90 iwo c‘lcmcpt achromal with a focal length of 1800 ¢m, and is mounted
.on a remote controlled irnction carringe. The dispersion and apeciral resolution are
exiremely hi%h; in the [illh order green, where it is Dlazed, a dispersion of 9 mm/ , i
obtained with a resolving power of 600,000.

5. Theory of Measurement

The longitudinal component of solar magnetic field is measured (rom the Zeeman
splitting of certain Fraunbofer lincs. In the direction of the magnetic (icld, most of the
spectral lincs split up into two components, both circulerly polarised, but in opposite
scnee. ‘The shifl in wavclcn{;lh of cach component i relaled to the magnelic  field
strength by .the following relation :

A~-4,67., gt oo (D)

whereA) arc in cms, H is in gauss and g is in the Lande’ splilting [actor for the
particular line. The shifl, i may he scen, is extremely small for small magnetic fields
and cannot he detected photogruphically or cven by he usual photoclectnic artange
ments. The two compboents remain unresolved even for moderately strong ficlds, and
in that case, the Jine appears a triflc broadened. 1f, however, by introducing & quarter-
wave tEle.tc and a polariser, one of the circuarly polarised components is removed, only
the other component will he scen and the line will appear shifted.
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If one sets up an arrangement as shown in Figare 1, which ge
from the two wings of a line into components Ly and Ty, the difference
be zero if the line is pro&;crly centred, but inroduction of a circular polg
will result in a fractional change,

L 1--Ik 2
‘Ai." =4.67.10* Iz g gaH x (2)
in 2 Zecman allectect line, R being the residual intensity nt the centre of the line and B
the half width of the line, assuming a siraight  triangular  pyofile. It the
light is rcceived omn Lwo ﬁ)hutumull.iplicr tubes of idcentical and lipear response
characteristics, then a small change in photomulliplic outpauat  current Al
should result with the introduction of a circular polarization analywer given by :

! 1—R 2
F67x 10~ SRigeH .. (@)

Parates the light
{-\L-_L1 ~L, will
risation analyscr

where i is thc mean current delivered by the pholomultipliers receiving light from the
wings of thc spectral linc under investigation.

The difference current Al is extremely small for low values  of magnetic field
and cannot be unambiguousty determined with the normal d.c. amplification techniques.
Connccling two photomullipliers receiving light from the two wings in a differential
arrangement doubles the ditlerence, but even then the signal current is very small and
completely submerged in the noisy pholomultiplier outpul currents.  To amplify the
signal out of the noisc buckground, a sclectve amplification lechnique is employed, To
achicve this, an cleciro-opiic modulation arrangement is wsed. A mounted crystal
of ammonium di-hydrogen-phosphate (ADP) has the properly of becoming hirefringent
when an electrical potential greuricnt is appliett across it. When an appropriate voltage
is used, the crystal bchaves as a quarler wave plale,  Used in conjunction with a polariser,
it serves as a circular polarisation analyscr. By rcversing the polarity of the voltage,
the combination changes from a right o left circular polurisation detector ar vice-versa.
If an allernating voltage of approprialc magniludce is applicd across the ADP, the combi-
nation bchaves ay an oscillating circular polarisation analyser. 'When such a system is
introduced in the beam the right and lefi circularly polarised light are cut off in alternate
half cycles. The differential output of the two photumullilphcrs thus contains a single
frequency signal whose amplitude is proportional to the fongitudinal magnetic ficld.
This when channelled through narrow band sclective amplifiers, rises above the noisc
level and makes il possible for being recorded aller suitable ll:lrl.hcr ampplification, filtering
and synchronous dctection.

6. The Magnetomeiear Detedtor Head

_ For measurment of weak solar magnetic ficlds, thercfore, il is necessary io measure
the wings of a Zeeman sensitive spectral line with a precise pholoclectric set up.  The
high dispersion and apectral resolution required for this purposc is provicled by the spectro-
greph. “The photoclectric detector head consists of u combination of two adjustable
slits S, and S,, so that if & spectral linc of proper width is allowed to fall on them, the
‘anEu will be reflected Lo two pholomultipliers P, and P, while the core will pass through
to the third photomultiplier P, as in Figurc 2. 'The 4lit S, is a standaxd Hilger Dilatcral
alit of length 18 mm and adjustable upto # maximum width of 1800 microns. ulThc
ilitS, is a bilateral arrangement of two optically worked reflecting jaws of :cd o,
coated with Alumium in a vacuum deposition chamber at a precisely contro mgf‘
This is adjustable upto a maximum width of 1500 microns. 'S, is mounted on & table
controlled by e precigion screw which allows accuralc alignment of the two slits in respect
of the beam coming from (he spectrograph.
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T'he three photomultiplicrs P, Py and Py are RCA 1121 photo )

cathode surfaces. I;P'J"hc hormnullip]icgs I’, and P, fvrm n natched pa.iiuljei I“lﬂéhf §-4
about 2 dozen tubes and show almost identicul characieristies. To improve thc;:r ‘mml
to noisc ratio characleristics, they are opcmtcc'l with couble the norma) stage v Tlgmf
across the cathode nnd the first dynode and slightly reduced voltage betweey th:m?gflf
dynode and anode.  The photomultiplicr Py is provided with equal voltages at all stages
the polential divider chain bumﬁ located Al the !)a.qc of the tube. But the sup ]jtf u;
tubes P, and P, arc independently given Lo individual clectrodes by means of mﬁlﬁcm
cables, voltage division being conlrolled by claborate networks on the main instruments
rack. 1he outputs of the two “wing” photomultipliers I, und P, arc taken out by a pair
of shiclded cables for feeding into the difllerence amplifice. A small monitor \'igwe? M
congisting of a total reflecting prism nnd an cyc-picee, is mounted on a draw tube which
can be brought in or out of ihc beam by manual operation. The monitor helps identifi-
cation of the spectral tegion aud approximale centering of the line on the slit combination,

7. The Elcciro-optic Modulator

The heart of the clectro-optic modulator is 8 Baird Alomic mounted ADP crystal
AM-2 with optically transparent NESA clectradces. ‘I'he mounted crystal is fixed

on sn adjustable stand and introtluced in the solur beans just before the spectrograph
entrance slit. A polaroid is also fixed on a rotatable frame following the ADP. c
stand has fcilities Tor accommodatng a fined circular polaviner for converting the cquip-
ment for velocily recording and for calibrating the scale ol the instrument as explained
later, T'wo scparate heavily insulated conductors supply the 2500 wvolt A.C needed

for the crysial (o switch £3 4 vetardation hetween the two polarised components of the
light beam.

The emergent light is completely polarised in the direction of the Elo.laroid axis;
for the sake ol optical efficiency it s?mul be parallel to the grating reling, which ia vertical
in our sct up. The orientntion af the polaroid is hence (ixed, and the ADP crytal
orientation adjusicd with respect to this a0 that the direetion of the optic axis of the
crystal remains at angle of 45° o the polaroid uxis,  As the direction of the optic®
axis of the crystal is known from the manufacturers specificalion as being parallel to one
of the sides, he crystal is mounted with its sides at one nngle of +5° to the vertical. A
schematic arrangement of the different clements ol the modulator is shown in Figure 3.

8. The Elsolronia Design

DIFFERCHTIAL  SELECTIVE SYHCHMRMNOUS RECORDER

ARMPLIFIER MPLIPIER CYECTOR

PHASE
BHIFTER
CONBIAN
- FREQUENCY -
OLNTRATOR

Tig. 4
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The electrical arrangement for modulation, selective amplification and detection
is shown schematically in Figure 4. The modulating frequency cmployed in this insiry-
ment is 125 Hz, obtained from a crystal controlled oscillator and a scaler chain, The

IO0KHy IKHz 12%Hr 125 Hz

ginl N

100 KHx a BUFFER — SCALER > BCALER SELECTIVE — PawER sy
08sC. MMPLIFIER ool a8t AMPLIFILR AUPLIER Qb

Fig. 5

conslant frequency gencrator unit consiats of 2 100 KHz quariz oscillator, o bu‘ﬁ'cr ampli-
fier, two séﬁer units providiug a scale of 800 and giving a square wave ol frequenc
125 Hz, an active filter comprising of a sclective um})li ler at 125 Haz and finally a push-pull
Class AB power amplificr delivering 40 Watts nt 115 volis. ‘The whole sct up is shown
schematically in Figurc 5. The outpui of this constant frequency gencrator feeds two
transformers, the first onc supplying 2500 V w0 the optical modulator and the second,
chopper vibrator through the phasc shifler unit,

The difference amplificr used is a DA-102 low level dillerentinl amplifier manu-
factured by EPSCO Inc. U.5.A. This accepls Lwo inpuls and amplifies the differcnee
by means of a Whealstone bridge network and a cascode input stage. L'or oblaini
a flat response from DC to 200 KHz, it divides the DC and very low [requency sign
from others and amplifics by a scparatc chopper stabilised amplification system. In
the final output the iwo channcls are combined logether. Common made rejection is high,
the rejection ratio at 125 Hz heing 50,000 to 1. Diflerential guin is adjustable from 100 to
2000 in five steps, The bandwidh is inverscly proporlional o gain, the gain band width pr
oduct being equal to 20 MHz. The equivalent nowse inpul being less than 8 microvolis r.m.
8,, the amplificr is idcally suitable for amplificalion of low photomuldplier signals, Simul-
taneous amplification of the DC with (he 125Hz signal [requency permits 1.G. 1o be
separaled at the output and is used for operating a servo system that keeps the line contin-
uously ccntred on the double slit of the photomultiplier detector head.

The relective amplifier consists of iwo stages. The individual uniws are of a cascode
input stage with a twin-T rcjecdon network in i feed back loup. Tigurc 6 shows the
circuit diagram of this atage. Use of a cathode follower in the feed back path
improves the frequency response characteristics, the hall power poin being less then
5 Hz away from the centre frequency of 125 Hz. Use of high precision, high stability
components in ils construction has made the amplifier intrinsically very stable.

The phase scnaitive synchronous deleclor employs an  cleciro-mechanical
gingle pale 2-way chopper driven at the synchronous frequency of 125 Hz, The circuit
arrangements are shown diegrammatically in Figure 7. The four-pole, six-way swilch
can select 6 different R.C, combinations to vary the time constani of the synchronous
detector, The valucs of the time constant which can be chosen thia way arc 0.3, 1.1, 2.8,
6.8 and 11 seconds. Fceding into the detector is done through e cathode follower stage
with D.G, coupling and the output is obtained from a pair of balanced cathode [ollowers
in differential arrangement. ¢ balance point is mfiunlablc by a precision ten-turn
helical potentiometer connected between the iwe cathode points and the ground.

For proper adjusiment of the phasc scnsitive detector a phase shifting arrangement
for the driving voltage has been provided. The network is shown in Figure 8, The
resistances are choscn in such a way that each sicp in the cleven point switch shifis the
phase by 18° The output impedance of the network is kept low, so that the conncction
of the ! opper that draws about 100 MA at 6.3 volts does not affect the operalion of the
network,
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12AT 7 Li2aT7 12AT 7 % 12aT7

Ry, Rio = M Ci1,68,C6,Clo = o lIMF
Rz, Ry = B20k c2,c5,C7,cs = O-lIYF
Rz, Riz = 160K €C4,Co = 022uF
R4,Ri3 = | K Cia,Cy = loopF.12v.
Rs,R¢,Ris, Ri4,R1p =1ok+ 2k variabla
R7, Rie = Blk4!K varidble
Fig. 6
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9. Auziliary Electronic Equipment

The recorder used is a Honcywell Brown potentiometric strip chart recorder with a
standard reaistance box connected across its inpul terminals. The recorder has a full

scale scnaitivity of 10mV witl a response time for full scale dellection o 1 sce.  ‘The chart
used is of standard 10 inch widLhI;)

cing drawn at the rate of cither 0.5 inch/min. or 2
inches/min, depending on the requircment. The output stage of the synchronous detector

is kept slightly oﬂ?—lpn ance, 8o thal the zcro can be located al the centre of the chart

The output of the central photomultiplier tube is amplificd directly by s D.C.
electrometer amplifier* and recorded on a sccond strip-chart recorder. To smooth

out the noise fluctuations of the photoclectric output current, an R.C. nciwork of time
constant 1 sec. i8 introduced at the input of the amplificr,
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W Gometer D. €. Amplifir and volumercr type 1230A manafbolured by Measr. Genenl
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The H.T, supplics of the three photomultipiicrs are derived from a transistorised
EFL'T’ unit with high stabilityt, 'lhe LEHI is taken to a distribution panel wliere two
stablc resistance networks divide (he voltage for applicaton to diiferent dynades of the
photomultiplicr pair Py, P;, A variable resistance introduced in one chain allows small
dillerential adjusiment to be made between them, which may become nccessary in
course ol aging of the two photomuliipliers. A three way switch with o voltmeter enables
the operator to check the voltages ou the three Eh()lomulliPHm independently. A circuit
diagram of the EHT distribution panel is shown in Figure 9.
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All the cssential controls for operation of the cquipment have been brought
aui 1o a front control panel. The individual controls are ; (1) The E.H.T. distribution
check switch (2) Pholomultiplier balance potentiomeier (83) Synchronous delcetor zero
adjusiment polentiometer (4¢) The R.C. time constant sclector switch (5? Phese conirol
awilch of the synchronous detector and(6) L'he light modulator on-offswitch and indicator,

A cathode ray oscilloscope with associated amplifiers capable of .G, anplifica-
tlont has been included in the equipnient to chct‘E scveral adjustments in the equip-
ment.  Besides the regular use as inlt]icalor in gynchronous detector phasing and photo-
muliiplicr balancing, the oscilloscope is also used for inilial signal tracing and in the cali-
bhration of the amplifier siages of the cquipment. During observations the oscilloscope
js uscd as a two dimensional indicator of'pimngc guiding system dcscribed in the next
gection,  The power sLll_FplIy unit for operating the selective amplifier and cathode follower
stages 18 a stabilised H,1. Unit of conventional dcsign. Figurc 10 shows the circuit
cliagram of this unit, which delivers H.T. volinges of cxcellent rcgulation and stability,
To achicve further stability necessary for this cquipment, a transisiorised voliage siabiliser]
employing salurable corc action controlled by a sensilive amplifier loop is connected
between the maing supply and the cquipment.

* EHT unit type HY 203 manufactured by Elecieonic Qorporation of India.
4 Dumount 301-A, D.G. Oscllloscope.
1 Eiher transistorised voliage stabiliser Model ILT-T-1000

215 DAOK[70
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10. The Photoelectric Guiding Attachment

To [acilitate accuratc guiding of the solar image a photoclectric guiding unit is
incorporated in the scl up. e property of limh darkening gradient has been utilised
for this purpose. I'our light dependent resistors Philips type LDR are mouuted hehind
& screcn in such positions as to receive light from two perpendicular pair of diametri-
cally opposite pointa near the sun’s limb, TFach pair of LDR is connecled in a Wheal-
stone bridge arrangement ns shown in Tigure 11, Afler visual inilial centering of the
golar image, the two bridges can be balanced by using the respective potentiometers,
The unbalance voltages arc detecied by the vertical and horizontal deflection amplifiers
of the Dumount D.é. oacilloscope which deflects the cnthode ray spot on the screen
according 0 the unbalance wvolla in corresponding dircclions. Becnuse
of strong fradicnls of solar limb intensitics, any small shift of the solar image result in
appreciable unbalance vollages, which can be corrected by recentering the image hy
operating the guide huttons of the coclostat arrangement.

The arvangement is usclul in cases where observations are made nol too close
to the solar limb. The frame holding the LDRs do not permit the light [rom the
limb (o cater the spcctrograph, The [rame is capable of movement in two perpendicular
directions controlled by two fine precision sercws, Two calibrated sensitive dial gavges
arc uscd (o determine the positions and movements of the frame, where such movements
become nectmal‘-f in cascs of long continuous observations at a point, lo compensale for
solar rotaton during the period of observation.

11. Amtomato Doppler Compensator Unit

For measurcment of longiindinal magnetic ficlds, it is neccssary that the speclral
line should remain properly centred on the double slit during observalions extendin,
over diflerent parta of the solar surface and time. There cxists considerable amounts o
Doppler shifls of all speciral lincs originating from different parts of the solar disc as a
result of solar rotation and e variety of large and small scale motions, The quasi-

eriodic variations in Doppler shifis of lincs originating from a fixed arca is also well
own. If not properly compensated, the s&ectral line 18 apt to get shificd from the
central position during the obscrvalion, thereby introducing errors in the determined
values. An automatic Doppler compensaiing arrangement is hence absolutely casential
for operation and is provided in this equipment,
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The basic component of the Doppler compensator is a plane parallel quartz
line shificy mounted just belore the focal Yzmc of the spectrograph, — ‘U'he plate is optically
worked Lo an accuracy of »/2 and has a thickness of 3.085 mm. It ismounted on a rota-
table axis which exiends below through the metal frame meant [or holding various ettach-
ments al the spectrograph focal plane and is connected (o a two phase servo-motor.
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Fig. 12

The servo-system driving the line shiller to (ompensate for any Do&plcr ghifl
works in the following manner., Whencver the spectral line gets shilted a difTerential
ID.C.. voltage is developed across the P, Py photomuliiplicr outputs. The EPSCO
differential amplifier amplifics this difference along with any 125 Hz modulation present
in the signal. At the output of the differential amplifier this amplificd D.C, signal i
scparaled, and fed ino a servo amplifier through a D.C. bufler stage. The output of the
scrvo amplifier drives the servo-motor controui%ng the line shifie, The arrangement is
diagrammatically shown in TFigure 12.

The servo amplifier used is & commercial unit employed in Honeywell continuous
halance unils in their strip chart recorders.  “The buller stage is a simple D.C. diflerenlial
emplifier whosc balance can be adjusted arbilrarily. This has been found nccessary
while centering certain asymmetric lines of the so?’a.r spectrum and 10 compensale for
amall characteristic variation between the two parts of the double-triode used.
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12. The Doppler Recorder
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Fig. 13

A smell atachment o the automatic Doppler  compensator unil makes  the
gimultancous recording of the Doppler motlon of the region possible. While the main
unit determines the Zeeman splitdng of the line, the antomadc l)u‘)plcr compensaling
unit keeps the line properly centred, by sensing the error vollage duce to Doppler dis-
placement and correcting the shift through o scrvo oop. A continuous record of thia
error voltage directly gives the Duoppler velocity information.

The attachment basically consists of a good ¢uality potentiometer rigitl'l_z fixed
to the shall carrying the line shifter plate. A preciscly controlled current flows through
the potentiometer, so (that any minute movements of the slider resulls in small cha

of the potential of the slider contact. These changes, which are proportional I.onﬁ:
line ghifter movement are recorded on a second potentiometric recorder,  ‘T'he electrical
srrangement ig illustrated in Figure 13,

1t is ohvious from the clectrical arrangement that the scale of deflection is directly
proportional to the current flowing through the polentiometer.  This is of greatl advanlage
as extra amplification of the deflections can be easily achicved when recording velocity
veriations of small amplitudes. A simple R.C. filter i3 used al the recorder input to
smooth out the Quciluations originating maijnly lrom the scuing defects.

13. Redmaging Attachment

The solar tower cquipment at Kodaikanal cousisting of the horizoutal Lelesco
and the spectrograph is used on several different research projects on Lhe sun, E
such it would be difficult if the complex and heavy magnetograph head is designed to
fit permancntly in the standard focal plane of the s ctmg'mpﬁfu'{"his difficulty has been
overcome by locating the magnetograph detector ﬁzad al one side of thc spectrograph
and reimaging the gpectrum on the analysing slit of the magnetograph. Changing
over from the magnetographic mode of operation to the conventional photographic
mode of operation requires removal of this reimaging attachment, and can be accomp-
lished in a matter of seconds, A total reflecting prism placed just ahead of the focal
glnnc of the spectrograph bends the heam at right angles and is reimaged by 2 lens of

0 cm focal length, withoul magnification. ‘The lens position is adjustable for accurale
focus, which can be monilored at the detector head on which the spectra are rei -
A hghto:lght mount for 5 cm x5 cm is mRmVidCd in this unit to cnahle working in the

higher order spectra by interposing suitable Rlter combinations to cut out the unwanted
overlapping orders,
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14, Instrument Characleriston

Yor proper evaluation of the readings obtained by the instrument described above,
a thorougl conirolled calibration and checking of various key units as well as the instrunicut

as 1 whole is cxsential, The method and resulis of such operations are now described in the
{ollowing paragraphs.

i
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Tig. 14

The gnin-frequency characteristics of the selective amplifier is w1 fictor which
determines the minimum signel detectable br the instrument. Tor the sake of proper
maintenance of the instrument, it is preferable to have this checked periodically.  Faci-

litica awc¢ provided in the cquipment [or doing this, Oulput of a Inboralory slandard

ascillator is fed 1]11‘0‘1}?11 a calibrated atienualor to the input of the selective amplifier,
ihe inpul [rom the di

crential amplifier being removed and the outpul incasured directly
on the cathode ray oscilloscope screen. An aliernate path by-passing the amplifier is
macle for measuring the inputl on the same scope. The outputfinpul ratios are mecasured

al [rcquencics around the operalng [frequen Figure 14 shows the gain-frequency
characleristics of the selective amplificr used in our equipment.

'[he lincarity characteristics of Lhe entire amplifier-detector chain is extemely
important, as variations in this may introducc large errors in our measurement. This
is checked hy the following arrangement. The pul to the diflerential amplifier is
removed and a small fracton of the generator voliage fed instead, through the calibrated
attennator. The outputis directly measured on the recorder, taking care Lo kep the phase
of the synchronous detcctor reference voltage properly adjusted. Measurements are
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done at virious iuput levels and the input v output characteristics determined.  Revers-
ing Lhe inpul connections permits obiaining the point on the negative side, Any
non-lincarily, il oblained has to be corrected by ad_]uaunpb the hiases of the different
amplifier and cathode follower tubes. This has been done by a trial and ervor method
in the first instance, and use of high stability componcnls has reduced the probability
ol shifis later. In any case the onginal lincarity characteristics arc kepl as o rclerence
und subscquent periodic measurements compared with the same.  Ligure 15 shows tlic
linearity characteristics of the equipment.
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Fig. 13

‘The lighl passing through thc ADP olarcid ‘assembly is completely polarised and
the final uut{mt 188 large varintions for dillerent orientations of the grating ruling and
photo-cathotles. Since the orientation ol the  gratling ruling is fixed with respect to the
photornultiplicr cathodes in our sel up, it is necessary Lo know ihe variation of the pholo-
cleciric outpul for different orienlations ol the ADP-polaroid assembly, to cnable une to
adjust the instriument flor optimum responsc.  This has becn done by noting the third
photomultiplicr response for dilfercnt orientations of the assembly. Figure 16 shows the
transmission characteristic for different oricntations of the assembly; angles arc measured
from the vertical, and {he responsc is symmecirieal about this axis. The varialinn is quite
large and i3 of the order of 40 per cenl of maximum response between two exireme orient-
ations at right angles. It may be noticed that the ADP-polaroid assembly blocks a
major part of the incident light. The loss is inherent in the arrangement: the maximum
iransmission is only 44 per cent in the present sel up.

For accurate mensurements, it is casential that the lincar drift of the oulput
should be a minimum. From sysicmatic studies it has been scen that the equipment
nlmos. completely stabilises after halfan-hour’s warm up time. During observations,
care is taken not o record data before auch stahilisation is achieved,

Stabilisation of the pholomuitipliers, however, is much more difficull io obtain.
There i3 a lendency for large differential drifis to occur afier thr EHT is switched on,
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which may require iowrs (0 come down to a reasonnble value.  ‘To avoid such drifts
the photomuliiplier vollages arc kept on during the observing period lasting over days,
The photomultplier pair is balanced at the beginning of cach obscrvation by focussing o
portion of the continuum on the glit pair, and the halgnee checked at the end of obscr-
vation,

 Adjustment of the reflcrence volLa.pfc phase can be done without ambiguity by
looking at the G.R.O. wavclorms at the clectromechanical chopper oulpuis. The
phasc once adjusied does not require [requent changes. The phasc need he checked
at the beginning of a day’s obscrvation or when optical adjusiments arc altered.

15, Doppler Mode Operation

The clectronic amplification and detection arrangemenl is cxiremcly scnsitive
Lo even a trace of the si%n.ﬂ.l modulatcd at the operaling frcgucncy. By a simple o liﬂﬂf
arrangement it is possible 1o introduce signal frequency modulation lo any speciral line,
uTc?chlivo ol whether Zeeman polarisation of the wings Is present or not.  When a
fixed circular polariser is placed in front of the ADP-polaroic assembly, the light falling
on the clectro optic modulator is totally circular polarised, aml the efect of the oscillating
cctector is o modulate Lhe total light falling on the spectrograph.  When a symmetrical
spectral line is properly centred the differentinl output of the two wing, photomuliiplicr is
zero, A slight shi?l on the line produces a non-zcro outpul, as cxplained earlicr.  When
the total light is modulaied at the signal frequency, as a resull of putting & fixed circular
lariger ahcad of the ADP-polaroid asscmbly, the differential outpul is also modulated.
This is amplificd by the scleetive amplifier and detected by the synchronous detector, with
cxineme high scnsitivity, The equipment, under thesc conditions, is said te operate in
the “Doppler mode”. " Even a minute shift of the line is detected and recorded by this
arrangement.

The shift of any spectral linc results in a differcntial output of the two photo-
multipliers that receive light fom the wings. The proportionate change in the difler-
ential photomultplier output is given by:

Al v I—R 2
TTCcTIRS ¥ )

where v is the line of sight compoucnt of velacity of source and ¢ i the vrlocity of light
cxpressed in the same units; the other symbols representing the same paramecters an in
Equaton (3).

16. Gallbraton

The possibility of operating the instrument in the Doppler modle provides a conven-
ient way of calibrating the records. The sun's disc as imaged by the telescope can be
used for this purpose. It is known thal the axial rotation of the sun on its equator regults
in & lincar velocity of 2 Kmfscc. On Lhe cast limb this resulis in a blue-shilt of the lines
of equivalent amounl and on the west limb it reguls in a red-shift and of cqual magnitude,
If any speclral line is centred on the double slit lluminated by the light from the centire of
disc, and the instrument i3 operaied in the velocily mode, the oulput would be zero,
nominally. [[, now the image 18 moved so that a point on the cast imb illuminates the
spectrograph slit, some non-zero delector outpul will he obtained. By moving the
image similarly in the other direction, an output of equal magnitude, but of opposiic
gign should result. On the recording chart the pen will deflect from one side Lo ancther
for such movements of the image and the difference between the two defllections will be
cquivalent to a Doppler shift of 4 Km/sce. ‘This can be used as the calibration standard
provided ceriain other diflicultics arc propetly taken care of,
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The first diflicultly one encounters is the random shilts of the spectral lines, regul(-
ing in an unsicady output. ']'1.1e elfect 18 most pronou..mccd at the centre of the solar
disc, but very much less at the Limbs, at lcagl for some lincs. Tor such _hr!cs one can gel
reasonably steady deflections forw the two limb otitions. For others il is necessary 1o
take & large number of readings at the two positions to work oul A mean value,

Tle fall in light inlensity ncar the Jimbs also require correction. The clectrical
signal as per equation (4) 1s rpro ortional to the product of the Doppler shi.[l and the mean
intensity. ‘To compensate for this it is also necessary (o know the proportionate reduction
of intensity in the nearby conlinuum at the calibration points on Last and West limb  posi-
tions. In the present cquipment, facilitics alrcady cxisi for measuring the line core
intensity simultancously and this can he utlised for applying this correction.  The centre
to imb variation of the line profile can be ncgloctcg without much loss in accuracy for
most of the Frannhofer lincs.

With the ahove two correclions, it ia possible 1o determine the scale coclficients
of the instrument for individual lines. The deflection ‘d’ obtained in our instrument can
be represented by n general cquation :

d=K. v. [ .. (5)

wherc v is the line of pight velocity, say in metersfaec., T is the intensity of the ndjacent
continuum and K is the instrument constant working under cerlain conditions. Suppose
D is the difference of the twa deflections at the calibration points which are taken close
to the limb on the solar equator, and whose theoretical Doppler velocities diller by M
meterg/see.  (which is closc lo 1000 meters/ace.) snd I’ is the intensity of the adjacent
continuum at thosr poinis, then

D= KM T . (6)
Eliminating K, between equations (5) and (6) onc gets,
v= M. {- % melers/sec, o (N

The value of M can be calculated from the geomeiry of the calibration positions
and the previously determined values of solar rolation, ‘The ratios I’/L and d/I) can be
directly measured and thus the value of v br diffierent deflections calculated.

The dircction of the veloeily veclor component can be determined by noling that
the velocity of a poinl on the cast fi’mb is approaching the observer on carth and may be
taken as negative and that of the puint on west limb as positive.  The deflections on the
chart can thus unambignowsly Indicate the dircetion of the velocity component.

The same valuc of calibration constant can be used for magnetic field measurc-
ments,  Only it is ncccmarﬁ to know the cquivalence of the Doppler and Zeceman shifts
of particular lincs, Also, becausc in the Doppler mode an ac{)dilional fixed circular

polariser is introduced in the team, ils transmission propertics are also to be taken into
ACCount,

o The linc guucrnlly uecd for the magnetic ficld measurcments is the Fel line of 3 =
5250.218A with a Lande’ factorof 3,  Substituting these values in equation (1) the scpara-
tion of the two longitudinal Zeeman components becomes :

A%, =2 (4.67.107g » 'H)
779 % 1098

(8)
where As, is cxpressed in § and H in gauss.



A219

The Doppler shift of the same line is related to the line of sighy velocity by the

reladon,

where Aa, inh and v is in metersfsec. So other thin

A

Ddy= = ¥

c

=1.75.10%

between the Doppler and longitudinal Zeeman shi
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But as we have to introduce a fixed circular poleriser in front of tl:gc electro”
optic modulator, the light transmiticd in the Doppler mode is usually a fraction of that

in the magnetic mode.

the two quantities will be given by :
H = 0.225 p.v.
H being obtained in gauss when v is in meters per sec.

If we designate this fraction as p the final relation between

(11)

It mny be mentioned that the valuc of this fraction p is highly dependent on the

relative orientation of the two

of the transmission fraction is determined separately for ev

the third photomultiplier readi

orientation of the two elements in the optical modulator.

laroid axcs. To avoid any error due to this, the value

etic record by noti

with and without the circular polariscr and a
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An alternative method of calibraiion is by the use of the paraliel A)lalc line shifter
cmployed in the automatic Doppler compensator unit.  The lateral shift 3 of an image

by a tipped parallel plate ia given by the cxpression :
. 1—sint \{
B=teinif I~ (s ] .. (12)

h is the thickness of the parallel plate, p its refractive index and 1 the angle between
Ecﬁ:md to the parallel plat]; and the dircction of light becam. The thickness und the
refractive index of the parallel plate is known, and the tipping angle can be accurately
measured on the scale provided. Thus it is Eomib]c to produce known shifis of any
spectral line by manipulating the line shifier. Since the linear dispersion of the apeciro-
graph is known with high precision, the lateral shifis can be couverted into equivalent
wavelength shifts of any particular line, A plot of the wavelength shifis for differcnt
tipping angles for the line Fel 5250.218A is shown in Figurc 17.

The procedure for calibration i as follows:

By using an auxiliary lens the solar image is defocusmed so_that the light entering the
spectrograph does not exhibit the granulation stimulated periodic coraponent of Doppler
motions. The equipment is run on the Doppler mode with automatic Doppler compen-
sation unit disabled and the spectral line in question is centred on the double slit as judged
frorh the null output on the recorder.  The line shifter is then tipped by a known angle
and the resulting ¢lcflection on the chart noted. The third photomultiplier reading is
also noted for the p of the computation. The pruccss is repeated for scveral
tipping angles, and results plotted. The plot indicates the scale of deflection for different
wavelength shifts which can be converied into equivalent 1loppler velocitics. From
these values the instrument constant K can be dircctly calculated, enabling one to esti-
mate values of Doppler velocity direcily from the chart reaclings.

17. Senuitivity

~_The scnsitivity or the minimum sigual detertable by the instrument is basically
noise limited. But apart fromy the noire, there are certain factors limiting the maximum
value of amplification, The photomultiplier stage voltages are decided mainly from
the noise considerations. The gain of the differential amplifier is adjusted on the hasis
of signal available. At a gain setting of 1000, for example, non-lincarity sets in beyond
an input 50 microvols. The input resistance to the potentiometric recorder is ad-
justed to give full scale utilisation with availalle signal strength. It is, however, uscful
to have an idea of the semsitivity of the insirument undcgogrpical condition. Substi-
tuting the following typical values in equation (7) M==4000, I’/I=0.5, D:=90, the
minimum detectable signal for d=1 works out to be 22 meterajsce, With an cquivalent
noise input over the mstrument pass band as 0.5 microvolt r.m.s., the root meun square
fluctuation due to noise in the puiput is 3 microampercs, giving a dcflection of Jess than
one divigion on the chart. Under these conditions, a 2.8 sccond Hme-constant in the
output circuit produces smooth records,

The above figuges are, however, for favourable working conditions and in actual

practice several other disturbing factars Hanits the accuracy of measurement. These
are discusted in the next section,

Under favaursble conditions it is theoretically possiblc to increasc the scnnit'miz

by as much as a factor of 10. With the differential amplifier gain setting of 100, it

wmblc to get a full scale deflection for some strong spectral lines, between the East-
est calibration positions, After that the instrument gain can be incrcased to 1000 and
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a sensitivity of 2.2 metersfsec per division on the chart can be obtained. The noige is
somewhat higher, but can be smoothed out by 6.8 secouds network combination to an
1.m.s. Muctuation of the order ot one division.

For records on low magnetic fields, it is the latter combination which ig usually
used in thiv equipment. The typical value of p in equation (11) is about 0.4 g0 that
in the most favourable conditions, an accuracy of 0.2 guuss f:r division can be obtained
with noise fluctnations of the order of 1 division. It may noticed that under these
working conditions the instrument i3 capable of measuring upto 1:25 gauss before non-
linearity scts in and the measurements become unreliable.

18. Aecvaracy and Limitations

The noise introdueced by our amplified-detector chain is cxtremely small, By

per choice of tubes and voltages dividing network the two tﬂhotomultipljem also
mtroduce very little dark noise, the individual dark currents at the operating voltage
of 900 V being about 2.10-° A, But it is the random nature of the photo-electron cag-
cades which limits the ultimate accuracy of the¢ measurements. The scale of the solar
image in the optical set up is 5".6 per mm, and a standard spectrograph slit of
widgn 250 microns and | mm length is normally used. The angular dimension of the
golar disc covered by the slit is thus 1.4 x5".6. At the detector head alit pair, the
spectrum is reimaged without magnification ancl (o quote u typical dimension, the
wing photomultiplicrs view a portion of spectrum Imm x 350 inicrons each. In the
fifth order, where it i8 mostly used, the dispersion is extremely high and the level of
ilumination at the photomultiplier cathodes is low indeed. In the Doppler mode
with the fixed circular polariser introduced in the beam, a typical order of phiotomuiti-
plier output current is 10-*A, At this level of illumination, the randem nature of the
photo-cleciron pulses dictates the limits of gain  und resolution that ean be achieved

In the prescnt set up.

A spatial resolution, which is a major objective of the instrument is thus
limited by the availability of the light flux. In the {90 sysicm used the standanl alit
size of 1°.4x5".6 has been chosen after several peries of experiments a3 the optimum
dimensions sceb.i.nﬁea compromise belween spatial and time resolution and the noise
error which can be tolerated. For mcasurement on certain weak spectral lines, it is
necesgary to widen and increase the slit size at the cost of resolution.

Another limiting factor encountered al Kodaikanal is the seeing at the observa-
tion site. Owiny to its locatiou on a high peak surrounded by uneven terrain, the period
of good seeing at Kodaikanal is limitcﬁ to only an hour or so after sunrise. For long
continuous records, ohservations have to be carried out when the secing was no better
than 2-3 seconds of arc. T.owering the slit dimension under such conditions is ob-
vioualy uselesa.

For cxperiments rctg;i:ing scanning over an cxtended area, the rate of acan has
to be chosen consistent with the time constant of the detector. IiIi.ghcr time constants
have to hc cmployed with higher amplifier gain, which may be neccssary for weak
rignals, thus requiring slower rates of scan. ¢ spetial nature of certain time varying
features of weak intensity can thus be studied with limited accuracy.

Acknowledgements

] For the design and construction of this equipment valuable help and co-opera-
ion from several members of the Kodaikanal O%scrvatoBr stafl arc gratefully acknow-
ledged. First and foremost, grateful thanks arc due to Dr. M.K.V. Bappu, Director,



A 222

for notl only his constani advicc and guidance during the various phascs of the degign
ancl construction but also for his active participations in various experiments during
the construction of the equipment. Extremely valuable help of Sarvashri A.P. Jaya-
ragjan, K.C. Abdur Raheem and K. 8. Muthu in fabrication of the optical components;
of M. Igbal Ali, L. Peter, M. Paranjothi, V Germanappan and Alfred Charlcs in mecha-
nical constructions and of Sistla Gopal, Satya Pr and M. Mohd. Abbas in design
and construction of clectronic accessories is gratefully acknowledged. It is a pleasurc
to record my heartfelt thanks io Dr. V.E. Stepanovof Sayan Observatory, U.S.5.R. and
o Dr. W.A. Baum of Lowell Observatory, U.8.A, for their valuable advices duri

their respective visits to this observatory, which have helped me to a great extent in au'?':'i
ving at the present design of the equipment.

Kodaikanal Observalory,
Qctobor 1970

MGTPORE— 83— 13 DAOK/70—28-2.72—1385



	00000214.tif
	00000215.TIF
	00000216.tif
	00000217.tif
	00000218.TIF
	00000219.tif
	00000220.TIF
	00000221.tif
	00000222.TIF
	00000223.tif
	00000224.TIF
	00000225.tif
	00000226.TIF
	00000227.tif
	00000228.TIF
	00000229.TIF
	00000230.TIF
	00000231.tif
	00000232.tif
	00000233.tif

