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SUMMARY

The discovery of mass motions and existence of
strong magnetic fields in active regions of the sun in
the first decade of this century opened up new lines
of investigation in the physical processes occurring in
the hot plasma of the solar atmosphere. But owing to
the inherently difficult nature of the measurements, the
wveak magnetic and velocity fields of the sun eluded
detection for nearly half a century. The measurements
posed a challenge to the experimental astrophysicists,
who had attacked the problem time and again without
successe. At last aided by modern developments in the
fields of electronics, electro-optics and spectroscopy,
the first break-through was achieved in 1953 by Babcock
and Babcock, when they showed the presence of weak
magnetic fields on the sun. Within a decade Leighton
and his co-workers were able to demonstrate the existence
of the oscillatory nature of Localized velocity fields
that owe their origin to the deep seated hydrogen convec—
tion zone. 1In spite of these two striking developments
further progress in this direction was hindered due to
extreme requirements of precision and stability of the
equipment. The very fact that only a few solar magneto-

graphs exist at the different observatories of the
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world to~day, point out to the difficulties encovuntered

in making these measurements.

The basic requirements for making measurements
of weak magnetic fields and granulation stimulated velo-
city fields, is a good solar telescupe, a high dispersion
nigh resolution spectrograph and a stable, precise elec-
tronic system for extraction and ampliiication of the
weak electrical signals generated oy means of sensitive
electro~optic devices. The first two were already avai-~
lable at the Kodaikanal Observatory, and rigging up the
remaining equipment conforming to the required precision
and stability with the available resources has been my
contribution towards the building of this uaew solar magne—
tograph. I have adopted the basic design principles of
the Babecocks, but all individual electronic and optical
uiits were completely designed to suit our existing
spectrograph arrangements, and availability of various
components required for the task. Needless to add that
various alternative arrangements and c¢ircuits had to be
tried in order. to arrive at tne present complete form
of the instruments Also, future modifications will
continue to be made with a view t0 improve the perfor-
mance of the instrument further, and to enlarge its

scope of measurement.
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The instrument in its present form is capable
of detailed measurements in the solar spectrum. I have
confined its use t0 soue detailed studies of the osciila-
tory uass motions at various depths in the solar atmos-
phere and searched for the existence of similar possible
variations of the longitudinal magonetic fielde These

two aspects are covered in uy present dissertation.

I nave given a brief review of the earlier work
in sensitive measurements on solar absorption lines in
Chapter I. The theoretical and observational aspects of
solar velocity and magnetic fields are also discussed

in this chapter.

I have discussed in Chapter II, the theories of
measurement of longitudinal magnetic fields and of mass
motions from the Zeeman splittings and Doppler shifts
respectively of spectral lines, and described the
construction of the instrument. I have included detailed
design descriptions of the various units, in the hope
that this will be useful to other observatories in the

construction of such units in near futuree.

Various checks and calibrations performed on
the instrument to test its capability for the measurements

intended t0 be done with its help have also been described
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in this Chapter. The sensitivity and limitations are

also discussed in detail.

Chapter III consists of the presentation of my
measurements on eight different spectral lines for
studies of the oscillatory fields. The lines have been
chosen in such a way as Lo represent various levels in
the solar atmosphere. Characteristics of the predomi-
nant periods and amplitudes of the oscillation and their
variations for different lines have been discussed.
Detailed statistical analysis of the measurements have
been given and the results discussed from various points

of view.

In Chapter IV, I have presented results on more
measurements of two chromospheric lines. The variation
of the oscillation characteristics at different positions
on the line wing have been presented. Results of
harmonic analyses of the mean waveforms of one of the
lines and spectral density curve variations at different
distances from the centre of the solar disc are presen—

ted and discussede.

Chapter V, starts with the description of an

attachment to the magnetograph for simultaneous recording



Of velocity and magnetic fields and presents some
results of such measurementse Possibility of correla-
tion between the parameters of a magnetic field as
well as the velocity field are discussed on the basis

Oof a detailed statistical analysis of the simultaneous

records.



A SURVEY OF CURRENT KNOWLEDGE OF SOLAR MAGNETIC AwD
VELCCITY FIELDS

141 Introduction

Ever since Kirchhoff's explanation about the
origin of Fraunhofer's line of the solar spectrum, as due
to selective absorption by gases in the solar atmosphere,
these lines have proved to be the most powerful tools of
solar researchs Subsequent dewonstrations by Young during
the total solar eclipse of 1870 of the reversal of these
absorption lines into emission lines in the flash spectra
is one of the most thrilling experiments ever done in the
realm of physicss The absorption spectrum seemed t0 con-
tain an enormous amcunt of information about the chemical
constitution and physical conditions of the atmosphere of
the sun and other distant bodies. As more refined techni-
ques started coming in, even the ambitious dreams of the
earlier physicists appeared unduly modest compared 10 the
possibility of the extent to which man's knowledge about
the atmospheres of distant stars can be advanced by precise

measurement of various aspects of absorption spectra.
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The magnetic field of the earth was known tO
the scientists for a long time, the natural curiosity
whether the sun also possesses a magnetic field had been
troubling the minds of physicists for a long time. AN
indirect evidence of such an existence was first noticed
during the total solar eclipse of 1878 when the remarkable
structure of the solar corona bore resemblance to the
lines of force surrounding a bar magnet. But first direct
measurement of the existence of solar magnetié fields had
to wait till Zeeman's discovery of the splitting of
spectral lines in a magnetic fields Soon afterwards, in
1908, G.E. Hale at the Mount Wilson Observatory showed the
typical Zeeman splitting of absorption lines in the light
originating from sunspot regions. The measurements indica-
ted that strong magnetic fields of a few thousand gauss
exist over the sunspots and adjoining regions. By further
refinement of the measuring techniques, Hale and Nicholson
studied the magnetic field and its variations over the
plage regions surrounding sunspot areas, and discovered
the interesting laws about bipolar sunspot groups, the
polarity reversals in adjacent sunspot cycles and many
other features of the magnetic variations ovef the solgar

active regions.



1¢2. Magnetic field measurements with electronic

technigues.

All the measurements by Hale had been by high
dispersion photography of the solar spectrum, and the
method had, therefore, its limitations. The minimum
field detectable was of the order of a hundred gauss,
and he was unable to detect any field outside plage
regions. In 1933, by using photoelectric cells and amp~
lifiers employiang tuermionic valves, whichh had just come
into use, Hale in colliaboration with Dunham, Strong,
Stebbins and Whitford made an attempt for measurement
of the general magnetic field of the sune The arrangement

has been briefly described by Babcock and is as follows.

A powerful spectrograph, equipped with an ana—~
lyser for circular polarization received light from a
selected part of the sun's image. At the focus of the
spectrograph, an exit slit was pléced on a wing of a
Fraunhofer line chosen for sensitivity t0 the Zeeman
effecte Radiation transmitted by the second slit was
received on a photo tube, the electrical output of which
was connected to an amplifier having a meter at its output e
If the line was affected by longitudinal Zeeman effect
owing to the presence of magnetic fields in the solar
atmosphere, a change of the analyser from the right
handed to left handed condition would produce a slight
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shift in the position of the line. Because of the slop-—
ing profile of the wing, the existence of magnetic

fields will show up as a corresponding change in the
indication of the output metér. However, owing t0 weak—
ness of the sun's field and to the difficulty of elimina-
ting systematic errors, Hale and his collaborators did
not achieve positive results with their photoelectric

equipment.

Variaticns of this basic method were applied by
several investigators, notably by G. Thiessen (1946} who
used a Fabry-Perot interferometer for high resolution
measurements of Zeeman affected lines. An accuracy of
+ 50 gauss could be acnieved by him. Kiepenheuer (1953)
introduced the fixed frequency modulation and selective
amplification technique for extracting weak signals from
large noise background, but his instrument had an incon=-
venient arrangement of compensation of instrumental
polarisation introduced mainliy by the coelostat mirrors.
Although Kiepenheuer could reach a sensitivity of 1
gauss, he had to reckon with the uncertainties connected
with the proper compensation of the instrumental polari-
sation and false modulation by moving optical modulator

partse
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In a very subtle modification of the original
arrangement, Babcock and Babcock (1952) eliminated this
great hurdle. TInstead of one slit, as had hitherto been
tried, they used two siits to receive light irom both
the wings of the Zeeman affected line, and two photomul-—
tiplier tubes connected to a difference amplifier. Any
instrumental polarisation, tuus appeared in both the
wings siwultaneously, and was differenced out by the
difference amplifier that followed. They also replaced
the rotating optical modulator by incorporating an elec—
trically excited retardation plate, thus eliminating the
possibility of false modulation of the signal by moving
partse The arrangement in conjunction with a high reso-
lution spectrograph and an automatic scanning device, was
put into regular use in the Mount Wilson Cbservatory for

measurement of weak magnetic fields on the sune.

Immediately afterwards, it was realised that
this instrument is capable of measuring an equally impor—
tant parameter of the solar surface, with an accuracy
hitherto unknown. When a circular polariser is kept
ahead of the optical modulator, the instrument becomes
extremely sensitive to minute displacement of the lines.
However, due to insufficient advancement in our under—

standing of the subject, the technique was used for the
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first time by Howard (1962) soon after Leighton's classi-
cal demonstration of the small scale velocity fields on

the solar surface (Leighton 1960).

le3e Velocity Fields on the solar surfacee.

Although the existence of doppler shift of the
solar Fraunhofer lines ascribed %0 solar rotation was
sho&n in the last decade of nineteenth century, it was
Evershed (1909) who first proved characteristic mass
motion around sunspot groups, by observing doppler shifts
in the spectra of sunspot regions. The existence of
small scale velocity fields was also first demonstrated
by him when he reported his observation of "innumerable
small displacements of the lines equivalent to veLocities
of the order of a few tenths of a kilometre per second
(Eversied 1922) when the slit lies across a well defined
image of the sune. Evershed's findings were nearly forgot-
ten over the decades and independently Richardson and
Schwarzschild (1950), undertook the systematic measurements
of the Doppler shifts of a few excellent plates of solar
spectra, and determined the value of the magnitude of
these shifts. McMath and his co-workers (1956) made
similar measurements on spectra taken with the new vacuum
spectrograph of the McMath~Hulbert Observatory and found
almost identical results. But it was left to Leighton by
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using his new technique of photographic subtraction of
solar images Obtained in opposite wings of an absorption
line to prove the existence of vertical oscillatory
velocity fields on the solar surface. The existence of
this velocity fields, the oscillatory nature of the
motions and the cumparatively large size of the contri-
buting elements were confirmed by Evans and Michard (1962),
Howard (1962} and Leighton, Noyes and Simon (1962) almost
simul taneously afterwards. As more information poured in,
the process appeared to be more complex than what had
appeared at first sight, as it so frequently happens in

many an important physical discoverye.

The rapid ionization of hydrogen that one en-
counters as one goes below the solar surface gives rise
to the hydrogen convection zone. The preseiice of granu-
lation in well defined solar images lends support to such
an assumption. Biermann (1947) considered the possibility
of theoretical grounds and contended that the granulation
cells are due to convection occuring deep in the photos—
phere. Whitney (1958) worked out the possibilities of
these convection cells setting up characteristic oscilla-
tory motions in the upper photosphere and found that
oscillations of periods of the order of a few minutes are
possible, Discovery of oscillatory velocity fields soon

afterwards windicated his stande. Whitney's computations
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opened up a new possibility of determination of physical
parameters of the outer solar atmosphere by study of the
oscillation characteristicses The problem reduces 10 the
question of understanding the wavé propagations in the
solar atmosphere. Propagation in idealised model iso-
thermal atmospheres is comparatively simple, and was
taken as a basis of Whitney's calculations. It is well
known that an isothermal atmosphere is a dispersive
medium, and that for a given direction of propagation,
there is an interval of frequencies for which no propaga-—
tion is possible. For the higher frequencies the waves
are of compressive type, whereas for the lower frequencies,
the waves are of gravitational type. Moore and Spiegel
(1964), have thoroughly studied these properties and
their work throws some light on the possible mechanism,
by which the disturbances which have been produced in the
deeper layers of the atmosphére, in the convective zone,
can reach the upper layers. Schmidt and Zirker (1963}
have considered the transmission by an atmosphere of the
wave produced by a piston which suddenly begins to move
upward at time t = oe Their results reflect essentially
the dispersive properties of the atmosphere. The spectrum
of the transmitfed oscillatidons reflects both the proper—
ties of the impressed force and the filtering properties
of the atmosphere. Schatzman (1964) reported that by
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considering two atmospheric models, with a special

choice of the parameters, such that the models are mathema-
tically tractable, he {inds that the transmitted wave

bears some similarity with the oscillations observed by
Evans and Michard, for an impressed force which was a

step function. His calculations basiecally point out that
the physical parameters coinected with the wave propaga-—
tion problem in solar atmosphere are intimately connected

with the spectrum of the vertical oscillations noticede

The importance of this wave propagation in the
solar atmosphere is further augmented, since it is consi-
dered the most probable mode of energy supply to the
curomosphere and the corona. Bierman (1948} and Schwarz-
schild (1948) independently suggested that pressure waves
from the photospheric granules above a certain critical
frequency travels up as sound waves, the amplitude increa—
sing with nheight, so that the energy carried by them stays
constant or decreases siowly. The dissipation of this
energy occurs by radiative exchange in the lower chromos-
phere, heat conductivity and viscosity being found to be
negligible. Schatzman (1949) considered the possibility
of these sound waves being degenerated into shockwaves,
the energy dissipation being controlled by the mechanism
described by the theory of Brinkley and Kirkwood.
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ALfven (1947, 1950) has suggested another
possible mode of such an energy transfer. The motion
of granules in a magnetic field should give rise to
magnetohydrodynamic waves which would travel up in the
solar atmosphere. The main dissipation of the energy is
by Joule heating of the medium. This Alfven type of waves
need not be considered as having a separate existence from
sound waves and shock waves. Compression waves produced
in the convection zone and reaching the lower chromos-
phere, propagate in regions of non-uniform density and
non-uniform magnetic fields Through these gradients
compression waves can generate Alfven waves which can

propagate along the magnetic lines of force.

The actual mechanism of chromospheric and
coronal heating still holds an important secret in our
understanding of physical processes occurring in these
regionss It is not illogical to0 assume that some insight
‘will be provided through systematic study of the motions

of the media traversed by these wavese.

1e4e. Magnetic Fields in active regions.

Active regions of the sun have all along been
associated with strong magnetic fields. Energy of the

solar flares are also believed t0 be drawn from energy
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stored in the magnetic field. But the exact process by
which these fields develop and contribute t0 the solar

activity energy and decay is still a matter for specula-—

tion.

A possible explanation of the whole solar magnetic
phenoueiia has been attempted by HeWsBabcock (1961). The
postulate underlying Babcock's hypothesis is that the
poloidal field of the sun and the torroidal field which is
manifest in the active regions of the sun are both simply
manifestations of the same general magnetic field. The
non-uniform rotation of the sun is responsible for the

production of the toroidal field.

The mechanism visualised by Babcock can be briefly
described as followse The sun is having a small general
magnetic field, initially. The submerged lines of force
of the dipolar poloidal field lie in the meridian planes
in shallow upper layers. Because 0f non-uniform rotation
of the sun, the equatorial layers move faster, pulling
with them the submerged magnetic lines of force. 1In
course of time the submerged lines of force are drawn
considerably out in longitude and wrapped around the sun,
several times over with a consequent :amplification of
field strengths The magnetic energy of these layers

increases at the expense of rotational kinetic energy.
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This winding up to form tight spirals proceeds untili the
magnetic field intensity of these submerged toroidal
fields reaches at some point or points a value sufficient
for instability to occur. Such regions tend to be

buoyed up to the surface to form bipolar magnetic regions

(BMR)»

The variation of differential rotation explains
the first emergence of BMRs at middle latitudes. The model
also gives semi~quantitative interpretation of many of the
characteristic features of sunspot and the solar cycle,
but a detailed working out of its implications will require

some fundamental progress in basic magnetohydrodynamicse.

Babcock's theory visualises more or less regular
poloidal field's outside BMR's but actual observations by
refined techniques have proved the existence of much finer
structure of these magnetic elements. Howard (1966)
suspects the elements to be of a scale of 1 second of arce
From simultaneous measurements on two lines of slightly
different heights of formation Severny (1966) concludes
that the extents of these elements are equally limited
in the vertical direction. The elements are apparently
unaffected by vertical mass motions (Severny, loc. cit)

and remains on such accounts an enigmae.
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Finally, the question of periodic oscillations
in the value of magnetic field was investigated by
Severny (1967). From simultaneous record at two spectral
lines he appeared to notice a periodicity of a few
minutes, but the experimental conditions do not allow
enough confidence to be placed on that observation. A
new feature has, however, been noticed by him, when he
observed that the magnetic field observed in integrated
light from the sun has a definite periodicity of 15 days,
like some other variable magnetic stars. It is perhaps by
collection of such different facets of information, that
our knowledge of the magnetic behaviour of the sun
and the stars can be properly synthesised in near

future.
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THE SOLAR MAGWETOMETER

2+1. Theory of Measurement.

The instrument designed for this work follows the
basic pattern of the solar magnetograph of Babcock and
Babcocke. A solar telescope images the solar disc on to
a screen; a small aperture selects a small area of the
solar disc and the light from this area is dispersed by
a high dispersion, high resolution spectrographe. A
- suitable spectral line is re-imaged on to a "Detector
head", in such way that the light from the two wings and
the core of the line are separated and received on three
separate photomultipliers. An appropriate electro-optic
modulator introduced in the beam modulates the electrical
outputs of the photomultiplier tubes. A narrow band
selective amplifier amplifies the modulated signal and a
phase sensitive synchronous detector demodulates ite The
output, a varying D.C. signal, is recorded on a strip

chart recorder.

The parameters intended t0 be studied in our set-
up are (i) the longitudinal magnetic field and (ii) the
velocity field. The electro~optic Light modulator for

(1) is a mounted crystal of ammonium-dihydrogen-phosphate
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(ADP) backed by a polaroid. The ADP is operaied by a
sinugoidally varying voltage of appropriate magnitude.,
The arrangement alternateiy cuts off the oppositely
circular-polarised light from the wings of a Zeeman
affected line. The difierence of outputs of the two
photomultipliers that receive the light from tue two
wings are amplified by a diifference amplifier; the out-
put of the third photomultiplier monitors any variation

of the experimental conditions.

For (ii) the modulator consists of an additional
fixed circular polariser ahead of the ADP-polaroid
assemblye. The arrangement modulates the complete light
beams in the operating frequency, and hence the output
currents of all the three photomultipliers. The differ—
ence amplifier gives a non-zero output whenever there is
a difference between the outputs of the two photomulti~
| pliers receiving light from the two wings of a lines;
when the liune is properly centred the output is zero.
This makes the equipment extremely sensitive to line

shiftse

The theory of measurement of the longitudinal
magnetic field and the velocity from the Fraunhofer

lines has been described in detail by many authors
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(Babcock (1953), Nikulin et al (1958), Deubner et al
(1961). S0, I shall give only the salient points

about it. 1In the direction of the magnetic field, most
of the spectral lines split up into two components, both
circularly polarised, but in opposite sence. The

shift in wavelength of each component is related

to the magnetic field strength by the following

relation:

AN = 4.67 ;0—59>\2H (241)

vhere AA, A are in cms, and H is in gauss, g 1is the
Landé splitting factor for the particular line. If by
introducing a quarter wave plate and a polariser, one of
the components is removed, only the other component will
be seen and the line will appear shifted. In an arrange-
meiit as in Figure I1I-1 which separates the light from
the two wings into components L1 and L,, the difference
AL = L1~L2 will be zero if the line is properly centred,
but introduction of a quarter wave analyser will result
in a fractional change,

9&" =4.67 10° -%:-_-2— % gAZH (2.2)
in a Zeeman affected line, R being the residual inten-

sity at the centre of the line and B the half width of
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the line assuming a straight triangular profile. If
the light is received on two photomultiplier tubes of
identical and linear response, theii a small change in
photomultiplier current should result with the

introduction of a circular polarisation analyser,

given by,
Al -5 V—R 2 Az
-— = -6 O = H
1 <4 7 [+R B 3 (2.3)

where 'i' is the mean current delivered by the photo-
multipliers receiving light from the wings of the
spectral line.

In the velocity mode, the shift of any spectral
line results in a differential output of the two photo~
multipliers that receive light from the wingse. The
proportionate chaunge in the differential photomultiplier

output is given by:

Al _ VA =R

T C I+R (2.4)

where v is the line of-sight component of velocity of
source and c¢ 1is the velocity of light both expressed

in the same units.

The signal in both cases is very small and com-

pletely submerged in the hoisy photomultiplier output
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currentse To amplify the signal out of the noise back-—
ground, the selective amplification technique is employed.
To achieve this, the ADP is operated at one iixed frequen-
cye In the magnetic mode, this results in chopping off
the right and left circular polarised radiation in alter-—
nate half cycles. The differential output of the two

wing photoaultipliers thus contains a single frequency
signal whose amplitude is proportional to the longitu-—
dinal magnetic fielde This, when channelled through the
narrow band selective amplifier, rises above the noise
level and makes it possible for it to be recorded afterx
suitable further amplification, filtering and synchronous

detection.

In thé velocity mode, action of the alternating
voltage operated ADP together with the pair of polarisers
and a fixed quarter wave plate is to modulate the totalk
light falling on the photomultipliers. Since the modu—
lations are all in phase, the difierential output when
present is also modulated. The frequency selective
amplifier amplifies this signal in preference to the
noise background and the final synchronous detector
output is proportional to the Doppler velocity of the

sourcee.
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2¢2. The Optical Arrangement.

The equipwent is housed in the solar tower at the
Kodaikanal Observatory. It consists of a three mirror
coelostat arrangement with the first two mirrors mounted
on a tower 11 meters abuve ground level. These two
mirrors are fused quartz optical flats of 61cm diameter
with atuainiuw coated retlecting surfaces and housed in
two cells with equatorial mounting. Figures II-2 and
II-3% show two photographs of the solar tower and the
first two coelostat mirrors respectively. The first
mirror is driven by a synchronous motor whicihh is run by
a precision frequency generator and is geared in such a
way as 50 follow the sun accurately. The precision
frequency generator consists of a Wien Bridge Uscillator
with the bridge elements in a thermostatically controlled
oven, and generates a frequency of 47.%33 cycles per secs,
nominailly. A separate control allows the frequency to
be varied over a sm2ll range to accommodate variations
in the sun's apparent motion. The oscillator output is
phase~split and amplified by three power amplifiers to
produce a 3% phase 440V supply with a very stable

frequency.

The second mirror which is also equatoriaily

mounted has independent remote controlled slow and fast
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movements around two perpendicular axes, enzabling the
observer t0 centre any part of the solar image on t0 the

spectrograph slit.

The third mirror situated at the bottom of the
tower is also a 61cm aluminised fused quartz blank but
is fixed at 45° to the vertical s0 as t0 render the beam
from the tower coelocstat mirrors horizontal along the

axis of the 60 meter long under-ground tunnel.

The horizontal solar beam falls on a 3*8cm dia,
£/90, two elemeunt achromat objective lens, which forms
a 54cm solar image %6 meters away. The lens is coated
with thin film of magnesium fluoride t0 reduce loss of
light due to reflection at the surfaces. The colour
curve is flat over a major part of the visible spectrun.
The lens is mouiated on a remote controlled traction
carriage to carryout small changes in focussing when

vorking at extreme edges of the spectrum.

To facilitate visual inspecticn, the solar image
is focussed on a white metal screen, which forms the end
plate of the 18 meter diffrauction spectrograph. Figure
II-4 shows a photograph of the spectrographe The diffrac-
ting element is a 600 lines/mm plane reflection Babcock
grating blazed in the fifth order green. It has a ruled

area of 153%mm x 203mm and is used in a Litkrow arrangement



(a)

TOTALREFLECTING REIMAGING  FILTER MOUNT
A\ PRISM LENS .
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Fig.II-6



IT-8

with one 20¢m, £f/90 two element achromat lens, for colli-
mation and imaging of the spectra. In the fifth order
green; vhere it is blazed, a dispersion of 9mm/A is
Obtained with a resolving power of 600,000. 4 schematic
arrangemént of the solar tower equipment consisting the
three nmirror cuvelostat, herizontal telescope and the

spectrograph is shown in figure II-5.

The instrument as described above is used on
several different research projects on the sun. As such
it would be difficult if the complex and heavy magneto-
graph head is designed to fit permanently in the standard
focal plane.Of the spectrographe. I have overcome this
difficulty by locating the magnectograph head adjacent to
the spectrograph and reimaging the spectrum on the
analysing slit of the maghetograph. Thus within a few
seconds, the spectrograph can be changed from a‘magneto—
graphic mode of operation to the conventional photo-
graphic one. This re-imaging attachment is shown in
figures IT-6(a) and II-6(b). A total reflecting prism
placed just ahead of the focal plane of the spectrograph
bends the beam et right angles and is reimaged by a
small good quality lens of 20cm focal length, without
magnifications The lens position is adjustable for

accurate focus, which can be monitored at the detector
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head on which the spectra are re-imaged. A light-tight
mount for 5cm x S5cm filters is provided in this unit, to
enable working in the higher order spectra by interpos-—
ing suitable filter combinations to cut out the unwanted

overlapping orders.

A plane parailel quartz line suifter is mounted in
froiit of the re~imaging atcachment t0 enable minute shift-—
ing of spectral lines and for automatic Doppler correc—
tions. The plate is optically worked to an accuracy of
A/2 and has a thickness of 3.085mme. It is mouated on a
rutatable axis which extends below and is conuected to a
two phase servo-motor. The axis also has a pointer moving
ovér cylindrical scale which is directly calibrated in
degrees. A photograph of the lime shifter arrangement

is shown in figure II-T.

The photomultiplier detector head is shown in
figures II-B(a) and IT-8(b). The re-imaged spectrum is
allowed to fail on a combination 8152 Ofvtwo adjustable
slits, so that if a spectral line of proper width is
focussed, the two wings will be reflected to two photo-
multipliers P1P2 while.the core will pass through to the
third photomultiplier P3. The slit S1 is a standard
Hilger bilateral slit of length 18mm and adjustable upto
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2 maximum width of 1800 .« The slit 35, is a bilateral
arrangeuent of two optically worked reflecting jaws of
speculum coated with Aluminium in a vacuum deposition

chawber at a precisely coutrolled rate. This is also

adjustable upto a maximum opening of 1500;& « A very

fine precision screw attached to 82 enables precise

alignment of the two slitse.

The three photomultipliers tubes P1P2P3 are
RCA 1P21 pnoto tubes with'S4 catinode suriaces. The
multipliers Py P2 form a matched pair selected from
about 2 dozen tubes, and show almost identical character—
isticse To improve their performance they are operated
with double the normal stage voltages across the cathode
and the first dynode and slightly reduced voltage
between the ninth dynode and anode. The photomultiplier
P3 is provided with equal voltages at all stages, the
potential divider citain being located at the buse of the
tube. But the supplies to tubes P1 and P2 are indepen-—
dently given to individual electrodes by means of multi-
core cables, voltage division being controlled by elabora-—
te networks in the main instrument panel. The outputs
of the two 'wing' photomultipliers P1P2 are taken out
by a pair of shielded cables fur feeding into the

difference auwpliiier. A smaull monitor viewer M
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consisting of a ﬁotal reflecting prism and an eye piece

is mounted on a draw tube which can be brought in or out
of the beam by manual Operation. The monitor helps
identifications of spectral regiom and appruximate center—

ing of the line on the siit combination.

2¢% The Electronic Desizne.

The electrical arrangement for modulation, selective
amplification and detection is shown schematically in
figure II-9. The modulating frequency employed in our
case is 125 Hz obtained from a crystal controlled oscil-
lator and a scalér chaine. Figure II-10 shows the constant
frequency generator unit consisting of a 100 KHz crystal
controlled oscillator, a buffer amplifier, two scaler
units providing a scale of 800, and giving a square wave
of frequency 125 Hz, an active filter comprising of a
selective amplifier at 125 Hz with a twin T network at
its feed back 160p, and finally a push-pull Class AB
power amplifier deli#ering 40 Watts at 125 H;, 115 volts.
The whole set up is shown schematicaily in figure II=11.
Separate transformers have been ﬁsed in our equipment
to supply the light modulator at 2500 volts and the phase
shifter unit at 230 volts for operating the 6.3 volt

chopper vibrator.
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The heart of the light modulator is a Baird
Atomic mounted ADP crystal type AM-2, with optically
transparent Nesa electrodes. The mounted crystal is
fixed on an adjustable stand and introduced in the solar
beam just before the spectrograph entrance siit. 4
polaroid is also fixed on a rotatable frame following
the ADP. The stand has facilities for accommodating
a fixed circular polariser for converting the equipment
for velocity recordings. Two separate heavily insulated
conductors supply the 2500V A.C. needed for the crystal
to switch # )\ /4 retardation between the two polarised
components of the light beam. A photograph of the stand

with the different elements is shown in Figure II-12.

The difference aupliiier used is a commercial
DA-102 low level differentiai amplifier wanufactured by
EPSCO Incorporated, U.S.A. This accepts two inputs and
auplifies the difference by means of a cascode input
stagee Common mode rejection is high, rejection ratio
at 125 Hz being 50,000 to 1. Dirferential gain is
adjustable from 100 to 2000 in five stepse The amplifier
has a very wide band-width from D.C. %0 200 KHz inversely
proportional to gain, the gain-bandwidth product being
equal to 20 MHz., The equivalent input noise between

0-50 Hz being less than 3 microvolts rms, the amplifier
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is ideally suitable for amplification of low photomulti-
plier signals. Simultaneocus amplification of D.C witi
tne 125 Hz signal frequency permits D.C to be separated
at the output and used for operating a servo system
keeping the line continuously centered on the double siit
of the photomultiplier detector head, when the equipment

is used as a magnetograph.

The selective amplifier consists of two stages.
The individual units are of a cascode input stage with
a twin-T rejection network in its feedback loop. Figure
IT-13 shows the circuit diagram of one of the two
identical stages. Use of a catnode follower stage in
the feedback path improves the frequency response charac—
teristics, the half power points being + 5 cps. away
from the centre frequency of 125 cps. The auplifier is
intrinsically found to be very stable. High precision
stable resistors have been used in the construction of

the twin-T networks.

The phase sensitive synchronous detector euploys
an electro-mecinanical single pole 2 way chopper driven
at the synchronous frequency of 125 cpse. The circuits
arrangements are shown diagraamatically in figure II-14.

The four pole 6 way switch can select 6 different R-C
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combinations to vary the time coustant of the syachronous
detector. The values of the time counstant which can be
chosen this way are 0.3, 1.1, 2.8, 6.8 and 11 secse.
Feeding into the detector is done through a cathode
follower stage with D.C. coupling, aind the output is
Obtained from a pair of balanced catiode iollowers in
dif{ereuntial arrangement. The balance point is adjustible
by a precision ten turn helical potentiometer connected

between the two cathodes and the ground.

For proper adjustment of the phase seusitive
detector a phase shifting arrangement for the driving
voltage has been providede The network is shown in
Figure II-15. The resistances are chosen in such a way
that each step in the eleven point switch sinifts the
phase by about 18°. The output impedance of the network
is kept low, so that the connection of the chopper
drawing about 100mA at 6.3 volts does not affect the

operation of the networke

The recorder used is a Honeywell Brown potentio-
metric recorder with a standard resistance box at its
inpute The recorder has a full-scale sensitivity of
10mV with a response time for full scale reflection of
1 sec. The chart used is of standard 10 inch width,

being drawn at the rate of either 1/2~-inch/min. or
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2-inches/min. depending on the requirement. The output
stage of the syncironous detector is kept siightly off
balance so that the zero can be adjusted at the centre

of the charte.

The output of the central photo tube is amplified
directly by a D.Ce. electrometer amplifier* and recorded
on a strip chart recorder. To smooth out the noise
fluctuations of the photoelectric output current, an
R=C time constant of 1 Sec. is introduced at the input
of the amplifier. A photograph showing the amplifier

recorder assembly is showh in Figure II-16.

The H.T supplies of the three photomultipliers
are derived from a transistorised EeHeI unit with high
stability**. The H.T is taken t0 a distribution panel
where two stable resistance networks divide the voltage
for application to different dynodes of the photomulti~
plier pair P1P2. A variable resistance introduced in

one chain allows small differential adjustment to be

% Electrometer D.C amplifier and voltmeter type 1230A
manufactured by.Messrs. General Radio Company, U.S.:A

**Transistorised E.H.T unit type HV205 manufactured by
Electronic Corporation of India.
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made between the pairs, which may become necessary in
course of aging of the two photomultipliers. A three
way switch with a voltmeter enables the operator to check
the voltages on the three photomuitipliers independently.
A circuit diagram of the E.H.T. distribution panel is

sphown in Figure II-17.

All the essential controls for operation of the
equipment have been brought out to a front control panel.
The individual countrols include (1) the E.H.T. distribu~
tion check, (2) Photomultiplier balance potentiometer,
(3} Synchronous detector zero adjustment potentiometer,
(4) the R.C. time constant selector, (5) phase control of
the synchronous detector and (6) the light modulator on-
off switch and indicatore A photograph of the control

panel is shown in Figure II=18,.

A cathode ray oscilloscope with associated ampli-
fiers capable of D.C amplification* has been incliuded in
the equipment to check several adjustments in the equip~
ment. Desides the regular use as indicator in synchronous
detector phasing and photomultiplier balancing, the oscillo-
scope is also used for initial signal tracing and in the
calibration of the amplifier stages of the equipment.

# Dumong 304-4, D.C. Oscilloscope.
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During observations the oscililoscope is used in eonjunc-—
tion with a phoetoelectric guiding arrangement, as a two

dimentional indicator to help extremely accurate guiding.

The automatic doppler compensator unit used in the
equipment, consists mainly of a servo motor driving the
parallel plate line shiftere. The amplifier used is a
commercial servo amplifier employed in Honewell conti-
nuous balance units in their strip chart recorders. The
input is derived from the EPSCO differential amplifier
described earlier, which delivers the amplified D.C

difference voltage between the two photomultiplier P.P

1
outputse This is fed into the servo amplifier through

2

a DsCe buffer amplifier stage. The output controls the
two phase servo motor which in turn rotates the line
shifter seeking null position. The arrangement is dia-

gramnatically shown in Figures II-19(a) and IT-19(b).

The power supply unit for operating the selective
amplifier and cathode follower stages is a stabilised
HoTe unit of conventional design. Figure II-20 shows the
circuit diagram of this unit. To achieve further stabi-
1ity necessary for this equipment, a transistorised yolt-
age stabiliser* employing saturable core action employed

between the mains supply and the equipment.

*Ether transistorised voltage stabiliser Model LT-T-1000
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For convenience of operation the electrical units
have been mounted on two vertical frames with rack type
assembly. To0 accommodate further in the limited space
of the spectrograph room one of the rack assemblies has
been mounted on movable trolley with casters. Figure

IT-21 shows a photograph of the electrical units.

For accurate guiding of the solar image, a photo-—
electric guiding uuit has been eimployed during our
observationse. The property of the 1imb darkening grad—
ient has been utilised for this purpose. As most of the
observations were at the disc centre, the limb of fhe
solar image was free for such usage. Four light depen-
dent resistors Philips type LDR are mounted behind a
screen in such positions as to receive light from two
perpendicular pair of diametrically opposite points near
the sun's limbe. Each paif of LDRs is connected in a
Wheatstone bridge arrangement as shown in Figure I1=-22.
The unbalance voltages are fed into the vertical and
horizontal auplifiers of the Dumont D.C oscilloscope
whicn deflected the cathode ray spot on the screen
according to the unbalance voltages in corresponding
directions. Because of strong gradients of solar limb
darkening, any small shift of the solar image resulted

in appreciable unbalance voltage, which could be
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corrected by recentering the image by operating the
guide buttons of the coelostat arr -7 . 4. 4 nhoto-—
graph of the photovelictric guidinyg frame is shown in
Figure II-25. The frame is capable of movencnt in Lwo
perpendicular directions coutrolled by two [ine preci=
sion screws. Two calibrated sensitive dial Ol Woere
used to determine the :ov:a.nts of the rrume during ny

Observations.

2¢4. Tnstrument Choaraotorisiios.

For proper evaiuation of the rexdings obtuined by
the instrument described above, a thored controlled
calibration and cuecaing of various key units wa woll .o
the instruwment as a whole ig essentiale The method .and
results ot such operations ure now described in the

Successive paragruphse

The gain frequency cuarascteristies 0f the selog-
tive amplirier is a juwctor whicit deteraings the winimum
signal detectable by the instrument. For the sake of
broper maiutenance of the instrument, it i3 pruteruble
to have this checked periouicully., Facilities are
Provided in the equipme.t tor doing thizs. Output of u
Laboratory stundarg oscillitor is fed through a cal -

brated attenuator to the input of the selective
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amplifier, the input from the differential amplifier
being removed, and the output measured directly on the
cathode ray osciiloscope screen. An alternate path
bypassing the amplifier is made for measuring the inuput
on the sawe scope. The output/input ratios are measured
at frequencies around the operating frequency. Figure
I1-24 shows the gain-frequency characteristics of the

selective amplifier used in our equipmente.

The J.inea.riﬁy characteristic of the eantire wmpli-
fier-detector chain is extremely important, as variation
in this may introduce large errors in our measureuwcntse
This is checked by the following arrangement. The input
to the diiferential awplifier is removed and a small
fraction of the generator voltage ied iustead, through
the calibrated attenuator. The output is directly
measured on the recorder, taking care to keep the phase
of the symchronous detector reference voltage properly
adjusted. Measurements are done at various input levels,
and the input vs output characteristics determined
and compared with the originale Figure II-25 shows one
such characteristic obtained from our equipment. Revers-—
ing the input connections enables us to obtain points on

the negative side.
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The light passing through the ADP-polaroid
assembly is completely polarised and has large variation
for different orientations of the grating ruling and
photo cathodes. Since the orientation of the photomulti-
plier cathode is fixed with respect to the grating ruling,
it is necessary to know the variations of the photoelectric
output for different orientation of the ADP-polaroid
ass'embly. This is easily done by noting the third photo-
multiplier response for different orieatations of the
assemblye. Figure II-26 shows the transmission character-
istic for the ADP-polarocid assembly in the green region.
The maximum value of response, it may be seen, is only
0u44. Similar transmission characteristics for the
fixed circular polarisers is alsc determined. When used
as a circular polariser, the response do not vary with-4%s
orientation. Its transmission is found %o be only 0.40

in unpolarised light.

For accurate measurements, it is essentlal that
the linear drift of the output should be a minimum. From
systematic studies, it has been seen that the equipment
almost completely stabilises after half-an-hour's warm
up time. During observations care is taken not to

record data before such stabilisation is achieved.
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Stabilisation of the photomultipliers, however, is
much more difficult to obtain. There is a tendency of
large disferential drifts after EHT is switched on,
which may require hours to come down t0 a reasonable
value. To avoid such drifts the photomultiplier voltages
are continuously kept on during the Observing pericd
lasting over days. The photomultiplier pair is balanced
at the beginning of each observation by focussing a
portion of continuum on the slit-pair, and the balance

checked at the end of observation.

Adjustment of the reference voltage phase can be
done without ambiguity by looking at the C.R.0. wave
forms at the electromechanical chopper outputs. The

phase once adjusted do not require frequent changes.

2¢5. Calibration.

The checks described above are mainly necessary for
optimum adjustment of the equipment, but an overall cali-
bration im essential for every set of observations record-
ed with the equipment. In our equipment we have used the
sun as the calibrating source. It is known that the
axial rotation of the sun on its equator resulis im a
linear velocity of 2 Km/sece On the east limb this

results in a blue~shift of the Lines of equivalent amount
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and on the west limb also of equal magnitude, but in
opposite direction, If we correctly centre a line on
our slit-pair, with the instrument working in the
velocity mode, then the instrument output will be zero.
Supposing that we have managed to do this, with the
centre of the solar disc‘shining on the spectrograph
slit, then on moving the sun so that a point on the

east Limb shines oin the slit, some non-zero detector out-—
put wiil resulty By moving similarly in the other
direction, we shall get an output of equal magnitude but
of opposite sense. On the recording chart the pen will
deflect from one side to another for such movements and
tne diftference between the two deflections will be
equivalent to a Doppler shift of 2+2 = 4 Kms/sec.,

aud this can be used as a standard, provided certain

other factors are taxen care of.

The first diftficulty one encounters is the random
shifts of the spectral lines, resulting in an unsteady
output. The elffect is most pronounced at the centre
of the solur disc, but very much less at the limbs, at
least for sovme lines. For such lines one can get a
reasonably steady deflections for the two limb positions.
For others it is necessary to take a large number of
readings at the two positions to work out the mean

values.
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The fall in light inftensity near the limbs also
require correction. The electrical signal, as per equa~
tion (2.4) is proportional to the product of the Doppler
shift and the mean intensity. To cumpensate for this
variation, it is also necessary to know the proportionate
reduction of intensity in the nearby continuum region at
the calibration points on the East and West limb posi-
tions. For the sake of convenience of measuremeut, it
is the line cure intensity which had been measured at
the two limbs, as well as at the observation point. The
centre to limb variation of the core~intensities of

these lines have been neglccted for this purpose.

With the above two corrections, it is possible to
determine the scale co-efficient of the instrument for
any particular line. The deflection obtained 4 inm

our instrument can be given by:

d = KvI (245)

where v 1is the line of sight velocity in metres/sec.
and I +the intensity of the adjacent continuum as
measured from the photomulitiplier output and K the
instrument constant working under certain conditions.

Suppose further that D is the difference of the two



I11-25

deflections at the calibration points (which are taken
close to the limb on the solar equator) whose theoretical
Doppler velocities differ by M metres/sec. (wiich is
very close tu 4000 metres/sec), and Iy is the mcan

intensity of the adjacent continuum at those points,

then
D - K M IL_ (2.6)

by the same reasoning.

Eliminating K Dbetween equations (2.5) and
(246)
I

-om e 4
v = M I D metre/Sec. (2.7)

In the magnetic mode an additional factor need be
taken into accouut while using the sun as the calibra-~
tion source. Here, also the well known Doppler shifts
of the line in question is measureds The line used in
our magnetic scans is the Fel line of \ = 5250.2184 with
a Lande factor of 3. Substituting these values in
equation (2.1), the separation of the two longitudinal

Zeeman components become

-5 2
Ay - 671
Ay 2[46 o gA HJ (2.8)

-5
= 7-72 .10 H
0

[42 A, Hn go.ussj
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The Doppler shift of the same line is related to
the line of sight velocity by the relation:

¢Q;A v = %;- VA
-5 (2.9)

= |75IO v . °
[ary w A

where v 1is expressed in metres/sec. . S50, other things
remaining equal, the equivalence between the Doppler and
longitudinal mugnctic shifts is given by

-8 ! -5

175 .10 VvV = 7.72.107 H
oy | H - ©0.2925 (2.10)

But as we have to introduce a fixed circular polariser
in front of the electro-~optic modulator, the light
transnitted in the Doppler mode is usually a fraction

of that in the magnetic mode. The transmission loss

of our fixed circular polariser is determined sebarately
as described in Section 2.4. If we designate this
fraétion by p, the final relation between the two

quantities will be given by

H = 0.225 PeVoe (2011)

H being given in gauss when v 1is in metres/sec.
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It may be mentioned that the value of this frac-
tion p as measured in our arrangement is highly
dependent on the relative orientation of the two
polaroid axes. To avoid any error due to this, the
value of the transmission is determined separately for
every magnetic record by noting the third photomultiplier
readings with and without the circular polariser in actual

orientations of the two elements in the optical modulator.

2.6. Accuracy and Limitations.

The noise introduced by our amplifier—detector
chain is extremely small, by proper choice of tubes and
voltage feeding network, the two photomultipliers also
introduce very little dark noise, the individual dark
currents «t the operating voltage of 900V being about
o x 10"2A. But it is the random nature of the photo-
el ectron cascades which limits the ultimate accuracy of
our whole measurements. The scale of the solar image
in our optical set up is 51,6 per mm. and a standard
spectrograph slit of width of 250[[_/\. and length 1mm has
been used throughout our measurements, except in a few
special programmes where the variation is specifically
statede The angular dimensions of the solar disc covered
by the siit is thus 11,4 X 5".6. At the detector head

slit pair, the spectrum is re-imgged without magnification
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and t0 quote a typical dimension, the wing photomulti~
pliers view a portion of spectrum 1 mm x 350 f each.

In the fifth order where it is mostly used, the disper-
sion is extremely high and the level of illumination at
the photomultiplier cathodes is low indeed. 1In the
Doppler mode with the fixed circular polariser introduced
in the beam a typical order of photo-current generated

in each photomultiplier is of the order of 10784, At
this tevel of illumination the random nature of the

photoelectron pulses dictates the Limits of gain and

resolution that can be achieved in our set upe

To improve the signal to dark noise ratio for
low Light ievels a scheme Of acceleration field gradients
inside the photvmultipliers has been used. TFollowing
suggestions by Dr. Baum of Lowell Observatory, the
voltage between the cathode and the first dynode has
been made double the normal stage voltage, and that
between the ninth dynode to the anode, kept at 60%
of the stage voltage. The arrangement is comuon among
astronomers doing faint star photometry, and it is
believed that this has also improved the performance of
our equipment, enabling us to reduce the slit size to

low values.

A good spatial resolutionm, which is a major

objective of our experiments is thus Limited by the
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availabiiity of light fluxe In the £/90 system used by

us, the standard slit size of 1".4 x 5".6 has been chosen

dimensions that can be used in our set up. DLonger slits
have been used at the cost of spatial resolution, only
when the weakness of the signals compelled us to adopt

sucih a procedure.

Another Liuwiting factor encountered by us is the

seeliug at the observation site. Owing to its location

on a high peak surrounded by uneven terraiiu, the period
of good seeing at Kodaikanal is limited to only an hour
or s0 after suurise. For long coutinuous records,
observation had to be carried through periods when the
seeing was no better than 2-3 seconds of arc. Lowering
the slit diuensions under such conditions was obviously

uselesse.

For experiments requiring scanuing over an
extended area, the rate of scan was chosen t0 be in con-
formity with the time constant of the detector. Higher
tise constants had to be used with higher gains which
were necessary for weaker signals, thus requiring longer
times for such scans. The spatial nature of certain
time varying features of weak intensity could thus be

studied with only limited accuraciese.
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SOME CHARACTERISTICS OF THE BURSTS OF THE QUASI~PERIODIC
OSCILLATIONS

3ele Quasi-Periodic Oscillaticnse.

The gquasi-periodic oscillations of solar photo-
spheric layers were observed and their characteristics
studied from photographic records of spectra and spectro-—
heliograms by Leighton et al (1962}, Evans et al (1962)
and others; Photoelectric methods were first employed
by Howard (1962}, when he observed oscillatory motions of
the photospheric cells by the Mount Wilson solar magneto—
graph in the Doppler mode. Orrall (1964), Frazier (1968}
as well as the groups already mentioned made further
studies in the oscillatory nature of solar velocity
fields. The existence of such oOscillations were expected
from the theoretical standpoint by several authors
before Leighton's discovery, who had invoked the theories
of vertical acoustic waves and horizontal gravity waves
from thermodynamical properties of the solar atmosphere
Biermann (1947), Schwarzschild (1948), Whitney (1958).
The data obtained thus far, however, do not completely

reveal the actual nature of these oscillations. Because
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of the small sizes and complex nature of these oscillating
elements, the actual observations have to be limited to
periods of best seeing conditions when fluctuations intro-
duced by the observing conditions are least. Also consider-
ing the possibility that the nature of these oscillations
may vary significantly over the depth of the solar atmos—
phere and with varying magnetic conditions, theAbulk of
observational data collected on various spectral lines at
different positions on the solar disc 1is quite inadequate
for a complete understanding of the oscillation mechanism.
Current investigations on this subject are being conducted
at various observatories and are aimed at obtaining more
detailed data. These coupled with improved methods of
statistical analysis will certainly bring out most of the

information coitained thereine.

The main features of the oscillation phenomena

known to date are briefly summarised below:

i} The oscillatory motions are confined to small
cells of dimensions of the order of six to0 seven seconds
of arc, and are possibly directly connected t0 the
granular structure seen in white Light phetographs under

the best seeing conditions.
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ii) The mean period observed is about 300 seconds
and is believed to be dependent on the mean photospheric

height at which the observations are recorded.

iii) The oscillations occur in discrete bursts,
interspersed with periods of relative quiefness. Even
during the burst, the oscillations are not of homogenous
nature, random changes of phase being frequently noticed.
It is believed that the mean duration of an unambiguous

oscillation is not more than one or two cyclese.

iv) The maximum amplitudes of the line-of-sight
velocities are of the order of a fraction of a km/sec.

and are predominantly radial.

v) The amplitude of oscillation gets reduced in

the presence of strong magnetic fieldse.

The technigues employed so far can be broadly

classified into three types:

i} Rapid-time-sequence photography of selected

spectral lines over a fixed area on the solar disce
ii} Time~sequence of Doppler spectroheliograms by
Leighton's teciinique, and

iii) Continuous velocity retiords over a guided small

region on the solar disc by photoelectric techniques.
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The relative advantages and disadvantages of the

three techiniques are discussed below:

In the rapid-time-sequence photography of selected
spectral lines employed by Evans and his co~workers,
minute Doppler siifts of small areas along a narrow rectan-—
gular aperture on the solar disc are obtained every few
seconds. The method gives the spatial variation of the
velocity field in one dimension together with the informa-—
tion about the relative phases of the oscillation in
difiereiit cells. The spatial resolution is limited by
the photographic graininess and the atmospheric seeing,
when used with narrow slits in high resolution high dis-
persion spectrographs. Time resolution is dependent on the
exposure time required and the rapidity with which the
successive frames can be exposed. Reduction process is
laborious, which has to be overcome by special measuring
equipment. Data obtained are not continuous in time but
discrete, spaced by the time delays between exposures and

integrated over the exposure time.

Basic spatial accuracy in Leighton's Doppler
spectroheliographic technique is comparable to that above;
the added advantage being the uafolding of the two dimen-

sional aspect of cellular structure of the oscillation
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field. Time resolution is poorer because of longer
interval necessarily introduced between successive
exposures of the same region of the solar disc. The
teciinique is very good for study of large celiular
structures, but definitely poor ror detailed time study
of oscillations at a single location on the solar

surface.

In the photoelectric technique the main method
is t0 use a Babcock-type magnetograph in the Doppler
mode, In this way cuntinuous records of oscillatory
nature of individual cells can be obtained. The spatial
resolution is limited by the size of the aperture used,
and is poorer compared to those obtained by the other
two methods. But this disadvantage is more than off-set
by the technique's capability of bringing out fine
features of the oscillation. The time resolution is in
fact limited by the noise introduced in the photomulti-
plier tubes which are subsequently much reduced by narrow
band selective amplifiers, and by the noise introduced due
to atmospheric seeing. The sensitivity of this method
is the highest of the three, and much longer records can
be obtained by this technique, because of less stringent

demands on the seeing qualitye.
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The major observations reported so far are

tabulated below:

Iable 3.1

Investigator

Spectral lines

used

Techniques

1962

1962

1964
1967

1968

Leighton et al

Evaiis et al

Howard

Evans and Michard

Evaﬁs, Michard and
Servajean

Orrall
Howard

Frazier

Fel
Cal
Nal
TiI
Mgl

Fel

Fel
Call
Call

Fel

Fel
MgI
Til
Fel
Til
Mgl
Fel
Fel
Call
Call

Fel

Fel
Crl

Fel
Fel
SiTI

6102
6103
5896

5113
5172,
5183
5171,
5187,
5170
8514
8498
8542

5250

5171
5172
5173
5324

5173
5172
5171
8514
8498
8542

3931

5250
5247

6355
6364
6371

Doppler spectro~
heliograph.

Rapid-sequence
Spectra

Doppler
Magnetograph

Rapid-Sequence
Spectra

Doppler
Magnetograph
Rapid-Sequence
Spectra
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3e2¢ Details of Observation.

My study of the temporal variation of the Doppler
velocities follows the photoelectric technique. The
Kodaikanal maguetometer has been operated in the Doppler
mode by placing a fixed circular polariser in front of
the ADP as described in Chapter II. A small area measu—
ring 5".6 x 1"«4 at the centre of the solar disc has been
observed continuously by this arrangement. One of the aims
of this observation was to have as long as continuous
record of velocity at a certain location as possible and
the records were terminated only when the seeing became
poor. Spectral lines have been chosen so as t0 represent
various depths in the solar atmosphere. The table below

lists the details of the various observations obtained.

Table 3.2
Equ ivea— Excita?iqn. Length of

He&g?t Line legggwidth E;tfgggil record

level.

-140 G, 5094.026 8.5 - 30 5gl
- NiT 5094.418 25 7,83 2E 477
- FeI 5072.677 60 422 42 05"
- TiI 5210.392 86 0405 30 30
610 Mgl 5172.698 1259 2.71 2’ 47"
580 Ball 4554.036 159 0.00 z0 ozl
620 Nal 5889.973 752 0.00 1B 570

2220 H  4861.342 3680 104 20 32 300
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In choosing these lines my aim was t0 have oscilla=—
tion records at various heights of the solar atmosphere.
The height of the chromospheric lines were roughly assessed
from the detailed observations of flash spectra taken
during the 1962 solar eclipse by Dunn et al (1968) of
the Sacramento Peak Observatory group. The height at
which the observed intensity falls to 1/¢ of the value
just outside limb has been taken as the mean height of
formation of the line. The line C2 5094 was selected
because depailed depth calculations of this molecular line
by Subrahmaniam (196%) ar e available and it is possible
to tie up the relative levels of other lines with respect
to this one originating in the shallow low temperature
level at the photosphere-chromosphere interface. However,
owing to the extreme shallow depth of this line, the
signal was very low during observations, and the highest
gain in the amplifiers had to be used, which resulted in
rather noisy outputs. The heights of the three photospheric
lines cannot be properly determined by this techinique, for
which detailed contribution function calculations are
necessary. For the purpose of my studies, they have been
grouped together below the molecular carbon line, and the
mean properties of the oscillations noticed in these lines

have been used for comparative studiese.
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The slits were located at the steepest part of
the line profile to ensure maximum sensitivity. The
length of record indicated in coluwn 5 is the maximun
stretch of continuous observations at a single location,
guided photoelectrically. To allow for solar rotation
over this interval, the guiding frame was adjusted by
precalculated discrete minute steps throughout the
observation. Parts of a few typical wvelocity records

are shown in Figures I1I-1 through ITI-4.

The analog quantity recorded in the strip chart
recorder is the electrical output of the solar magnet{o-
graph in the Doppler mode and a few mathematical opera-
tions are necessary to convert these into velocity values.
Every record is preceded and concluded by two sets of
calibration records, from which the mean calibration
co-efficients are first calculated as described in
Chapter II. The chart readings have then been measured
at regular small intervals together with the intensity
readings at corresponding points. The mean of the readings
of the first half hour are worked out and this is taken
as the initial zero line for further calculations. Since
the records extended over long periods it was also necess—

ary to adjust the zero line for Doppler shifts due to0 the
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earth's diurnal rotation. This has been done by calcula-
ting the relative line of sight velocities of the sun

from any point of the terrestrial globe by the equation:

v = =0,465 sin t cos & cos A

where t is the hour angle of the sun, 5 its declina~-
tion and A the latitude of the observing station, which
in our case is +10° 14'. The values were calculated for
every fifteen minutes for the period of these observationse.
These velocity values have then been converted into
equivalent chart deflections by using appropriate calibra-
tion tactors and the initial zero line readjusted after
accouunting for these changes every fifteen minutes. The
corrected zero line thus has a continuous drift over the
observation period very nearly following a cosine function.
This is drawn on the chart and the chart deflections at
close intervals determined from the zero line. These are
then converted into velocity values by using appropriate
calibration factors. Since the drift of the final D.C
cathode follower of our instrument has been found t0 be
negligible, the velocity series is virtually free from any
artificial long period drifts. The corrected velocity-time
curves also generally confirm this. In some of the
records, mean value changes over extended periods have

been noticed, which must be taken as real.
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30%e Nature of Oscillations.

In the records the oscillations stand out quite
clearly against the noise background and this prompted
me t0 have a preliminary survey of the regularity or
otherwise of the oscillations. The lengths of individual
cycles have been picked up from the velocity records and
the data arranged in the forms of histograms. The results
indicate gquite a lot of scatter around mean valuese.
Figures III-5 and 6 shows the histograms arranged separa-—
tely for photospheric lines (Ti 5210, Ni 5094, C, 5094,
Fe 5072) and chromospheric lines Ba 4554, Mg 5172,
Na 5890 and Hﬁ « Ba 4554 is bound to have a very
appreciable chromospheric contribution and hence is being
treated herein along with other chromospheric lines. If
we neglect the observations on C, 5094, since the record
is excessively noisy, it is seen that the predominant
period in the photosphere is one in the 260-300 seconds
range. In the chr.mosphere the period is not so consistent,
and about the height of HB a second peak of lower period
appears t0 be more frequent. These histograms, however, 4o
not indicate relative strengths of these oscillations for
which detailed statistical analysis for estimation of power
spectra is necessary. These have been done and the results

are discussed later in this chapter.
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From Figures III-5 and 6, one important informa-
tiou about these oscillations is apparent. The scatter
of the périods around the mean values are apparently of
gaussian type, indicating the random nature of the agen-
cies affecting the oscillating medium. This point appears
to be in variance with the observation of Frazier (1968)
who feels that a steady state reasonance was shown in the
records obtained by him. Generally it is believed that these
oscillatious are essentially a trausient response to
individual grarular disturbances. In such a case the
phases of these osciilatious will suift in a random nature.
This wiil also result in random chauges of periods as
reckoned from the individual peuks as in the present
case. This is .exactly what is beiung exhibited by the
histograms. The histograms, however, do not disprove or
contradict Frazier's"steady state resonance’ in the vertical
osciliations, but as found from the detailed power spectra
analysis from our records, the corresponding amplitudes

must be negligible. This has been discussed laber.

3.4, Bursts of Oscilliationse

The oscillatiois are seen to occur in definite

bursts Lasting for 5 minutes to an hour in dirierent linese

The mean duration of bursts are seen tO be longer in the

lines originating Low in the solar atwosphere compared t0
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tiiose Observed in the higher lines. Figure III~7 shows

| the distribution of the durations of various bursts noticed
during my observations. The mean duration of bursts noti-
ced in rig 5172 and Hﬁ y is 14.2 uinutes whereas these
recorded in Ti 5210, wi 5094, Fe 5072 zud Ba 4554 Lines

is 31.4 winutes. The peak velocity amplitude attained
during a burst appeared to be higher for longer bursts;
this is seen t0 be the case for the lines of Mgl 5172 and
Hﬁ 4861 The other lines do not appear to exhibit this
correlation. It is pOssible that the very long bursts
noticed in the photospheric lines may be composed of more
than one burst cccurring close to each other. This may
occur if we consider that the damping in the lower layers
is comparatively small, sO that the oscillation stays for
a longer period. Or, perhaps, the physical conditions in
the lower layers are such as to respond to granular dis-
turbances more easily. But whatever be the prevalent
mechanism, much longer intervals exhibiting clear oscilla-
tions were noticed in these photospheric lines than in
Mgl 5172 and Hp « Tigure III-8 shows a scatter diagram
of the burst amplitude against burst duration, which

illustrates this point.

During the burst periods the medium shows definite

oscillatory mass motions, the nature of the oscillations,
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however, is quite complex. On close scrutiny, sudden
changes in the phase of oscillations appear quite fre—-
qQuently, thereby changing the apparent period of the
oscillations. The scatter noticed in the period histo-
grans described earlier must be mainly caused by this
effect. Because of tne random nature of tnese phase
changes, the characteristics of these bursts appeared

t0 have little in common.

To establish this point on a more definite basis,
I have tried a statistical test on the variations bursts
recorded during my oObservations. The idea is briefly stated
below: If the bursts are resonant oscillations built up
in the medium by external impulses followed by a decay due
t0 damping, then it should correlate well with a sinuso-
idal function of appropriate period and phase. The proper
period and phase can be found out with a series of trialse.
For the same spectral line the periods at which maximum
correlation occur should be consistently close together.
On the other hahd the existence of random phase changes
will shift the correlation peak at random for different
bursts and even in two parts of the same burst. A4
computer programme to work this out was written up aand
the burst characteristics checked on the CDC 3600 computer
of the Tata Institute of Fundamental Research. Figure III-9
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shows g few typical plots of correlation co-efficients
against periods of the theoretical sinusoidal series for

a few bursts noticed in the observations in the line of
Mgl 5172. The peaks indicate a statistical estimation
of the periods of oscillation during a burst, assuming
sinusoidal nature of variation of velocities. w0 con-
sisteut correlation peaks were noticed for any two bursts
on the same spectral line which confirmed the assumption
about the random phase changes during the burst.

Table 3.3 shows these correlation estimates of the
periods of several bursts tested by this method. The
consistency in the period is apparently lacking completely,
pointing to the possibility of severe random disturbances
during these bursts.

Table 5. E

Correlation

Line burst Noe. Period (Seconds)

274
288
270
318
343

293
354
317
354

307
265

285
280
318
2713

283
190
185

Ba 4554

Na 5890

Ti 5210

H 4861

W PUHD A s PO S VRN
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'3.5. Autocorrelation and Power Spectra analysise

For more reliable determination of predominant
periods and the amplitudes of these velocity oscillations,
the autocorrelation and power spectra analysis of these
velocity records have been done by me. The theory, scope
and limitations of the method have been discussed in
detail by several authors (Blackman and Tukey, 1958,
Goodman 1957). I shall briefly outline the procedure
followed by me.

If we have a continuous record of finite length
T of velocity of an element on the solar disc represented
by v(t), the autocovariance function for a lag 7 is
defined by: FTh

- )
cCE) = i’;"_*:oc T jvcw V-t +T ) dt (3.1)
- T/a

and the power spectral density at frequency T,

+ <o

— ¢ 2w T
PCE) = Jc(_v:)g dz (2.2)

-
The relation between these two formations may be expressed

more simply as a one sided cosine transform, i.e.

ol
PCED :ZJCCT) Cos 2T+ z d= (3.3)
o]
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Both the functions can thus be estimated from a long
continuous records The mean amplitude of the stationary
oscillatory component of frequency f contributing to
the spectral density P(f), can be estimated noting that
P(f) in the positive frequency interval contains only
half of the total power or variance (slackman and Tukey,
1958). If A(f) denotes the awplitude of the oscillatory
component at frequency f, then

2
2 P (Fy = AE
2 VR (5.4)

1

t

oY A

For convenience of computation, discrete values
of the velocity at close intervals are used, instead of

the continuous records. If Vyr Voy ses Voare the values

n
picked up at uniforu suall intervals, the autocovariance

function G, can be given by
n-P
_ L 2
Cr = 575 E Vi Vi + ¥ ~[‘h‘2m1 (3¢5)
] |

The stability of the estimate is a function of r/n,

getting progressively poorer as r approaches n. There-
fore, in practice the maximum value of r has been kept
at a small fraction of ne. Denoting this maximum value by

m, the series of autocovariances, C1, 02 cene Cm are
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calculateds Using these values, the finite cosine

series transforms are then calculated, the general term

of which beilng:

9 = -
Ve 2Co +2 EC? Cos :y:ﬂﬂ: + Cwm Cos 3T
7= (3.6}

actually gives an unsmoothed spectral estimate for a
frequency of r/2n cycle per observation. Smoothing is
next done by the application of a correction for a sui-
table lag window. In my analyses, I have used "hanning
window", which modifies the spectral estimates according
to the following set of equations:

Uo = 05 Vo + o-Sv;

1§}

Un
Um

0-25VU¢-1 405 V3 + 0:25 Urat (3,7)

t

05 Vo) + 05 Vnm

The limits of contidence for these estimates is
best determined by treating them as if they follow the
X.2 distribution, with K-degrees of freedom. Detailed
tables showing the behaviour of this variate with various
degrees of freedom are available. The co~efficient of
variation of xKe, ieee, the ratio of r.m.s. deviation

to average value, is (2/K)%, so that as K increasesX 2
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becomes less variable. It is only necessary to estimate
the value of K, the equivalent number of degrees of
freedon, to determine the confidence interval for any

estimates

Exact values of K are somewhat dependent on the
nature of spectra and the type of lag window used. AR
approximate relation useful for this estimation is given,

however, by

g = 2nt oo (3.8)

where n' the erfective length of record is approximately,

nl = n ..p% L (3.9)

For broken records, the number of independent
pieces, ©p, must be taken into account, so that the etfec-

tive length of records is given by,
nl=n_%§ L) (3010)

Since the value of K 1is by definition given by
twice the ratio of average value of P(f) squared to the
variance of P(f) itself, the r.m.s. deviation of the
estimates is ﬂ/%.times the average value. The value of
the rem.s. deviation for some of our estimates is

calculated this way.
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Data poOints in my case have been picked up at
uniform intervals of 10 seconds, and the maximum values
of lag m limited to within O.2n. The calculations

have been performed by the CDC 3600 computer.

3¢6. Discussions on resuits of Power Spectra Analysis.

Values of autocorrelation co-—efficients, i.ee
norualised autocovariances are plotted against correspond-
ing lags. Figures III-10 aund III-11 suows some of the
plots both for nigh and iow level Lines. All these curves
courirms our preliminary rindings avout tiue persistant
periodicity with a period of about 300 seconds. The plots
have the appeuaraiice of damped sinusoidal functions. These
are possibly due to constaut chnange of phase of individual
ogciilutioiis, uid «4ls0 due t0 presence oi periods of
bursts tollowed by relative quietness. Some of the
curves exnibit increased fluctuations at greater lags,
pointing to the existence of the second possibilify. One
question that troubles the minds of investigators of solar
velocity oscillation is whether the oscillating solar
layers have a tendency to repeat identical motions after
a lapse of many minutes. If an arfirmative answer could
be found for this, it could have explained the increase

of the amplitudes of the autocorrelation patterns at
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greater time lags. But considering that on detailed
tost, no two bursts in the same lihe Observed by me,
showed even coasistent cuaracteristics, this possibility
can perhaps be ruled out. It is more likely that the
effect is not physically real, but created artificially
due to insufficient length of data required for such
investigations. Although the observations lasted for
several hours, relatively few bursts were actually noticed
and the probability of getting a good correlation in the
phases of distantly separated bursts is good. Howard
(1967) in his detailed analysis of oscillations in the
phoﬁosphcric lines of Fel 5250 and CrI 5247 also arrived

at the same conclusion.

The spectral density plots for these lines gives
wore detailed information about these oscillations.
Figures III-12 and III-13 shows the values of log P(f)
against f for all the lines observed. The curves reveal
tiie complex nature of the oscillations, and indicate the
presence of other minor oscillatory components besides
the main period of around 300 seconds. Of noteworthy
significance is the persistent presence of a relatively
strong component around 2290 seconds for the photospheric
lines and several others between 100 and 200 seconds for

the chromospheric lines. Records obtained on the
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chromospheric lines also indicate that the main period
around 3U0 seconds is perhaps made up of two equally strong
components on either side of 300 seconds. The peaks shown
at periods larger than 500 seconds have to be treated
cautiously as I feel that the resolution of the data is
not good enough iu these regions. Other investigators
have attributed the low frequency tails noticed in deep
formiug lines as being due to the convective compohent,
(Edmonds, Miciard and Servajean, 1963, rrazier 1968). The
additional spatial information obtained by their rapid-
sequence spectral photography method enabled them to draw
this conclusion. 1In absence of that, it is difficult,
from the power spectra curves alone, to attribute such

characteristics to the low frequency peaks noticed.

With a hope to detect any systematic variation of
these peaks of the power spectral curve, I have arranged
these on a chart indicating (Figure III-14) relative
strengths of the osciilation peaks therein. The lines
are arranged in order of their mean heights of formation
in the solar atmosphere as assumed by my rough estimation
from the Sacramento Peak flash spectral plates. As it
is dilfficutit to.arrange the photOSphéric lines this way,
they have been grouped together. The molecular carbon

line with its mean height of formation in the temperature
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minimum layer in the photosphere-chiromosphere interface

has been shown at its calcuiated height of formatione.

Subject to the basic limitations of the data
collected and the method of analysis, the rollowing remarks

may be made regarding the velocity oscillations:

i} There appears t0 be more than one mode of

oscillation at all layers.

ii} The strongest mode is one with a period of over
300 secondse. This period remains virtually unchanged with
height in the photosphere and low caromosphere but shifts

to au lower period arouud Hﬂ level.,

iii) The weaker modes have a tendency to move to

lower values of periods with increasing height.

Frazier (1968) in his observation of photospheric
lines has noted the presence of two distinct periods of
oscillation, the primary one being of a freguency of 3.8
milli-cycles/sec. iesee. Of a period of 203 seconds.
Alttough some of the lines observed by me originate in
the same regions, I have found no evidence of this
frequeney being the primary one. The main photospheric

periods are seen to be on the higher side of 300 seconds.
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Also, altiiough the period around 263 seconds showed a

peak in one record only, three records showed a secondary
peak around 220 seconds. The results of my present obser—
vations and those of Frazier are thus at variance. There
is ofcourse, a fundamental difference in the two methods
of observation; whereas Frazier has 55 miinutes of obser—
vation over several point elements on the solar surface,
ny observations consist of the integrated behaviour of a
larger area, but extending over a period, a few times
longer. The period resoclution and tne confidence limits
0ot the estimates o both tue analyses are comparable,
however. As such the non—~conformity of these two results
perhaps, point out tuat the precise oOscillation frequencies
nbticed by Frazier is perhaps due t0 a chance coincidence,
or some other hitherto unexplained reasons. It may Dbe
mentioned that Howard (1967) in his calculations of power
spectra of oscillations observed in FeI 5250 and CrI 5247
noticed a prominent peak around 350 seconds period and not

at 263 seconds.

The mean auplitudes of oscillation at the major
peaks have been calculated from the power spectra curves,
as per equation (3.4). These are tabulated in Table 3.4

below:
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Table Eo&

) . . TellleSae
Line Period secs. Amplitude m/s
Fe 5072 333 178
Ni 5094 333 163
Ti 5210 312 129
Ba 4554 368 205
§a 5890 350 174
Mg 5172 333 129
H 4861 294 170

The periods and the corresponding velocity
amplitudes do not appear to have any systematic varia=-

tion. This result is somewhat, unexpected, as the
velocity amplitudes in general are known to have a ten-
deucy to increase with height (Evans 1963). In my
present analysis sufficient lengths of continuous data
have been analysed, which ought to have shown this pro-
perty which was noticed by Evans, apparently from simple
analysis of re.me.s. fluctuationse. As, however, the effect
is not clearly seen, there should be some other distur-
bing factors which have crept in our observational
material. The observations are over the sharpest part
of the line profiles, and as such the contributions over

a large depth is incorporated in the measurementse



II1I-26

The velocity fields over a large depth may have variations
which will ultimately aifect the integrated results
obtained. Also, the contribution functions for the
formation of difierent lines have their characteristic
variations with depth, and a direct coumparison between
results obtained by studying difierent lines may not

yield accurate resultse.

It may, however, be pointed out that another set
of measurements of shorter duration at different wing
positions of certain ciuromospheric lines indicated mono~
tonic iucrease of velocity amplitude with height. These

measurements are discussed in the next chapter.

%3e7. Power Spectra of individual bursts.

The analysis carried out so far yields the mean
variance of the series at discrete frequency intervals
for the complete record, which we have noticed to be
composed of periods of bursts and quietness. In order
to fiud out whether the power spectra analysis for differ—
eut bursts gives comparable results, the analysis were
repeated 10r periods of clear bursts in some of the
lines. The burst periods have been picked up from the

extended records, and only those of a reasonable length
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subjected to the autocorrelation and power spectra
analysis. To keep the confidence level for these results
and that of the extended record uniform, the maximum time-—
ing is again liwited to 20% of the data length. Since

the length of data for the bursts are necessarily much
shorter than the extended records, the frequency resolu—
tion in the former case is poorer. The power specira
obtained are plotted on the sawe scale along with the
spectral curve obtained for the full record. TFigures
IiI-15 and III-16 shows the couparison between the power
spectra of an extended record and those of the individual
bursts for two liunes. It way be seen that although discre—
pancies of minor nature are present between the power
spectra for different individual bursts, the general
nature of the curves are the same for all the bursts
observed on the same line. Absolute values of spectral
densities are seen to vary from burst to burst, which is
not unexpected considering the random nature of the varia-
tions so far noticed in these oscillations. Comparison of
these individual power spectra curves with those of the
extended record for the corresponding lines, reveals two
features. First, as a result of higher frequency resolu—
tion, the power spectra for extended records reveal much

finer details of the spectral distribution that what can
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be seen in the power spectra for individual bursts.
Secondly, the mean power, and hence the mean remes. ampli-
tudes at the major peaks indicated by the extended record
is less than that observed during the bursts. This is
again due to the‘fact that, the presence of intervals in
the record when no oscillations are noticed tend to lower

the average value of the oscillation amplitude.

A comparison of the spectral density curves for
individual bursts and the extended records sumuing up the
bursts as well as periods of quietness gives a rough
assessment of the mean percentage of time over which
os&illations are Observed at a i{ixed location. At the
resonaiit frequency, the ratio of spectral density obtained
from the extended record to that of the individual bursts
should directly indicate the percentage. The figures

calculated for different lines are given in Table 3.5

below:
Iable 3.5
Line Ratio P(f)o/P(f)y
H 4861 0.19
Mg 5172 0.28
Na 5890 0027
Ba 4554 0a31

Ti 5210 0.36
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It is noticed that in the lower chromosphere,
about one third of the time oscillations may be expected
at any particular location. My results show a tendency
of this fraction to decrease with height. Other investi-
gators have not considered this aspect of height varia-
tions but have simply noted that about one-third of the
time the oscillations are noticed in any localized region

(Meyer 1965).

Ze8. Sizes of Oscillating cellse.

By comparing the mean amplitudes of oscillation
obtained by our method with those obtained by others
using high dispersion photographic spectra, it is
possible to estimate the average area occupied by the
cells. The mean amplitude of oscillation during a burst
observed in MgI 5172 line, by our method comes to 0.34
km/sec. This should be the average of all the cells and
the non-oscilluting spaces covered by our aperture of
MM,4 x 5".6. Since the instrument integrates the line
shift over the aperture, the resultant out-put is reduced
in proportion to the area over which the Doppler shift
is zero, this results in showing a lower velocity than in
the spectral photography method. The mean r.msse. velocity
for the MgI 5172 line found by Evans and Michard is 0.81
Km/sec. Assuming that my observations with Mg 5172
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as well as those of Evans and Michard have been done on
representative samples of data, the total area occupied
by the oscillating cells should be 3.3 square seconds of
arc, i.e. about 42% of the aperture. Assuming further
that our aperture covers a typical area on the average,
we can estimate that on the average about 40% of the
surtace of the central portion of the svlar disc is

covered by oscillating cells.
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grating spectra, thereby changing the dispersion, and
hence the measuring position on the wings of the line.

The table below gives the details of the measurement.

_T_ﬂble 4. 1

. Grating Dispergion fro
1 persi rom

ine Order mm/§ line core &
H 4861 1 1.1 0.29
H 4861 2 243 Os 14
H 4861 3 BeT 0.09
H 4861 4 5.4 0.06
Mgl 5172 3 37 0.09
Mgl 5172 4 5e6 0.06

The accompanying diagram (Figure IV-1} iliustrates
the positions of the slit on the wings of Hﬁ3 and Mgl 5172
for the different orders.

Records totalling an hour in each of the arrange-—
ments were obtainede The data were converted into
velocity values following the same method as described
in the previous chapters The velocity series thus
obtained were subjected to power spectra analysis, and

the various oscillatory components comparede
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Data on the mean heights of the formation of the
different parts of the wing of these two lines is sparce
in the literature. For Hﬁ some values estimated by
de Jager (1959) are utilized. For Mgl 5172, Athay (1963)
has calculated similar values for different displacements
from the line centre, which have been used while

discussing my results.

For Hp de Jagers values of h foroh= 0, 0.2,
0.4A are 3000, 2500 and 1000 kms respectively. Similar
values for Mgl 5172 picket up from curves calculated by
Athay forAA = 0, 0.1 and 0.2 £ are 800, 800 and 700 km

approximatel y.

4.2. Variation of the oscillatory characteristics with

height.

Figures IV-2 and IV-3 show the spectral density
curves for four orders ofI{ﬁ and two of Mgl 5172 The
curves indicate log of P(f) around several spot values
of the period T = % . The following points are noticed

from my results:

i) The amplitudes of the oscillatory components
in the 100~400 second range generally increase with

height in the high chromospheree
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ii) There is a tendency for the dominant period

to decrease with increasing heights in this region.

iii) At very high heights, near the height of
formation of H@ core, as noticed from the oscillations
is III and IV orders in HP , a new dominant peak arouud
180 seconds period appears and becomes progressively

more prominent.

The appearance of the prominent 180 seconds periocd
at high chromospheric levels appears 0 be a feature not
noticed by earlier observers. To check the consistency
of this oscillation, observations were repeated on three
differeut occasions, with identical slit settings near
the core of the Hg line, and clear oscillations of a
three-minute period were noticeds Figure IV-4 shows the
record of one such occasion. This clearly shows the
shorter period oscillation together with the normal 300
second period. The autocorrelation plot for this record
is shown in Figure IV-5. While discussing these results,
it may, however, be kept in mind that the oscillation
amplitudes have been observed to vary from burst to burste
The variations noted in these cases, however, seem to be
more than what can be expected due %0 variations among

bursts. The root-mean square variation of the estimate
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1s seen to be less than the variations actually noticed.

The probability that these differences are real is quite
high statistically.

In the method adopted by me, viz. that of using
spectral lines in different orders with fixed double
5lit setting, one has the disadvantage that in the
lower orders, together with the shift of the observed
portion of the wing, the range of the wing admitted into
the slit increases proportionally. However, the order of
the increasing height with higher orders of spectra
remains, and the results are to be viewed with that

limitation.

4e%e Vaveform Of the oscillations.

To determine the mean waveform of the oscilla-
tions, two Long records of Mgl 5172 were selected, as
being most free from random noise, because of excellent
observing conditions. A harmonic table was constructed
as described‘ below. The mean period was first calculated
from clear peaks and troughs of the oscillations. A
transparent grid overlay with this period was then
prepared for picking up amplitudes at every 15? phase
intervalse. The amplitudes of the individual oscillations
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at identical phase points are then entered in the res-
pective columns of the phase—amplitude table. After
entering all the available amplitudes, the mean ampli-
tudes at all the twentyfour phase points were worked
out. These mean Values constitute the mean waveform of
the oscillations as can be deduced from the available
records. The mean waveforms from both the records were
thus calculated and subjected to Fourier apnalysis. The
analysis was carried out numerically, following the
standard method of twelve poiiat analysis (Karman and
Biot 1940). Tue results of this analysis of the two

records are tabulated below:

Table 4.2
S1it set- Fundii- Haraonics n/s
Li ting from mente -
e gore n/s ond zZrd 4th 5th
Mgl 5172 .0.09A 295. 23 18 8 9
Mgl 5172 0.06A 311 13 12 12 4

It may be noticed that the amplitudes of the
Higher harmonics are small compared to the fundamental
frequency; the second harmonic t0 fundamental ratios in

the two cases being 7.8% and 4% only. The Qsci.Llations
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#% the position 4, M T IO, Ve = V Cos ¢
SO phal Vo . M= ﬁ:;,:z tan <+
Vo (4.3)

The corresoonding spvectral density functions
will be related as:

chff_lf-' = [ [U_,_ Jl-:,;.‘@ Fon ':{JJ YR

[PG)_]Q (4o4)

asswaing that the depth variation of the oscillations is
nesliszible over the range involvede A vplot of the
function defined above against different values Ofﬁs
shown in Fisure IV-7, for various values of ¢ ard .

By comparing the relative variations of the spectral den—
sities at different fts it is possible t0 have a rough

estimation of the direction of the oscillatory mass

motions.

Ubservations have been taken on the line of Mgl
5172 at five positions on the solar disc with different
/u.‘so The duration of the records was limited %0 about
half an hour each, which is considered sufficient to
oive a representative sample of the velocity oscilla-
tionse The observed velocity curves were subjected to

standard power spectra analysis, and the spectral
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density curves are shown in Figure IV-8. I% is

avident bthat the oscillatioca amnlitudes rapidly fall

~

off with the distance from the centre of the disc. This
is in venerul anreement with the observations of ivans
and dichard, who observed that the velocitiss alnost
becone nndatectable below M= 0.5. 4ith increased
sensitiviby of ay method, it has been possible to
debtect wenk amplitudes beyond this limit. The appear-
ance of the hish frejuency peak at 1505 period at

}A;z We 2 reruire further observations $0 verify and

exalaine.

Table 4.3
—ﬁ“_m——~“_~~TOtal BOOSE Ratios
pover _qo, Dower o o B(300)/
(metre/sec)x 10~ '“(metre/sec)“x10 P(Total)
1.0 1540 426 Qe 277
Je B 549 137 0. 255
Use 4. 253 57 0.225
Ue % 164 23 0. 140
e 2 136 17 0.125

Table 4.3 summarises the values of power density
at the peak oscillation frequency at different}kvalues.

The sum of the spectral series, i.e. the total power in
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21l freqauencizs for different fx,'s are also tabuloted
alonsgide. Yhe last column zives the fraction of the
Lotul wower Observed in the resonant freouency range.
Tt iz seen that the ratio decrease monotonically towards
the limb, which is eixpected when Jur observations are
recorded wlone with other types noise, e.g. seeing etc.,

which 4o not vary with f&-values.

"o assess the uzean direction of these mass motions,
normalised values of these peak spectral densities with
regnect 50 Lthat of the centre of the disc are calculated
for the different/x,values. The calculated points are

nlotted in the graph ziven in Figure Iv-T7.

Tt is seen that these peints indicate the direction
of miss motion to be within + 5° of the vertical. All the
observed noints lie within the two extreme theoretical

curves corresponding to these limits.

4.5, Affect of Mammetic fiszlds on the oscillations.

e

Tt has been Observed by previous investigators
that strong magnetic fields inhibif the oscillatory
motions. I have taken two sets of observations to check

whether the presence of strong photospheric fields affect
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the oseillations in the lower chromosphere. Tne line
citosen is again Mzl 5172.7 and aass motions were
recordd on two active regions, One near tie centre

of the disc (outside spot groun 069F,200, 13493 on
4=%—19G9) and the other near the limb (Jutside soot
croun 5198, 1508, 13495 on 2-3-1969). Line of sight
coanonent of magnetic field in either case was about

50 mauss. for the vlage on the liumb, control observa—
tions were baken immnediately outside the plage regzions.
For the nlage near the disc centre the velocity record
takoen earlier has been referred to for comvarison. The
two sets of velocity observations were then subjected tO
autocorrelation and power spectra analysis. The
spectral density curves for the two cases are shown 1in
Pimures IV=9. Tt is secen that in both the cases, the
spectral density oscillations near the dominant peak

ie lower in the presence Of magnetic fields. N0 clear
characteristic dominant period is noticed for the

plage located near the limb, but in this case DpIwel
density is lower at all periods down %0 100 secondss
It ig difficult to judge the effect at lower periods
wer seen O be

because of insignificant agmount of po

associated with lower periods.
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were vas low resolutisn of periods due o
insuifiiciency of the available data, but within the
14imits, no change in value of the dominant period was
anticed dus L0 absence or presence of magnetic fields.
3iailur conclusions were, however, also arrived at

by (foward (1967) for the photospheric levels.
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STT0 AND VELOCITY

Yel1, The Jonnler recordars

Tn the optical arrangenent of the "Jelfector nead"
in the solar masnebogravh, the two wing nhotoaultipliers
nroduce a balanced output when a syznetrical Line is
sronerly centreds This is irresnective of whether
nntical aodulation is introduced, or ndot. This nroperty
a5 been utilised in opersating the sutomatic line shifter,
doescribed in Chapter TI. A very ainor modification of
the arrangement hais enabled me to make some siaultaneous

recording of velocity aund magnetic fields.

The arrangenent is described‘belowa The shatft
of a good quality potentiometer ig rigidly fixed to the
shaft carrying the line shifter plate. A precisely con-
trolled current flows through the potentiometer, sO that
any minute movements Of the slider results in small
changes of the notential of the slider contact. These
changes, which are proportional GO the line shifter
movement are recorded on a second notentiometric recOrdere

The electrical arrangement 1is illustrated in Figure V-=1.
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Calibration of the arrangement is done in the
following wanner. 4 line is properly centred on the
dotector head, as checked by zero signal of the magneto-
{iraph recorder in Doppler mode. The solar image is
moved t0 one side so that light from either the east or
west limb on the solar equator falls on the spectrograph.
During the movement, as the line shifts due to solar
rotational Doppler effect, the line shifter automatically
moves t0 re-centre the line, and its movement recorded
on the second recorder. The main magnetograph recorder
should continue to show zero output all throughout. The
deflections on the chart are then noted and with the solar
image moved t¢ the other limb, the new deilection on the
chart is again noteds The difference in these two readings
oorrespbnd to the difference of the rodational velocity
of the sun between the two limbs on the equator, which
has been taken as 4 km/sec. in our calculatioms. The
opefation thus provides a reliable calibration of the

arrangement.

It is obvious from the electrical arrangement,
that the scale of deflection is directly proportional to
the current flowing through the potentiometer. This is
of great advantage, as extra amplification of the deflec—
tions can be easily achieved when recording velocity

oscillations of low amplitudes.
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For operativn in the magnetic mode, the second
recorder thus continuously records the Doppler corrections
needed t0 recentre the line, and the main magnetogranh
recorder, records the longitudinal magnetic field at the

game refione.

DeZe Bimultaneous measurements of the magnetic and

velocity fields.

The oscillatory mass motions so clearly seen,
naturally raises the question whether they introduce a
periodic fluctuation in the longitudinal magnetic field.
If the magnetic elements are small in size, it is
possible that they may be bodily carried by the mass
motions, and show oscillatory fluctuations in constant
phase relationship with the velocity changes. Some
veriodic changes in the values of the longitudinal mag—
netic fields have been reported recently by Severny
(1967), who observed a long period of the order of 7-9
minutes in the fluctuation of the magnetic field on a
vlage. His observations were taken simultaneouslyon two
lines Fel 5250 and Fel 6103. Observations with the
Kodaikanal magnetograph were obtained on two suided
locations on two plage rezions, one near the centre of

the disc (10°N, 6°E) and the other away from the centre
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(=00 mmo oy . . . .
Vot 000 ) The slit used in these two observations

eovered 1.4 3 11,2, ou the solar surface; this is
double she area used for velocity observations renorted
in nrovious chanters. This was necessary $0 have increased
seinsitivily for dutecting small changes in the magnetic
fields o find out whether the masnetic field changes
hnve any correlation with the velocity changes, the

ar nobie field and the Dovpler velocity of the area

were recorded siaultuneously. Each record is slishtly
over an hour's duration, and the solar image was manually
sudded, with masnified visual observation of the limbse
Ho molur rotation compensation was made sO that, over

the duration of the observation, the slow drift of the
image by a few seconds of arc, thus providing a slow scan
of the solur surface. The records, therefore, do nof
renresent the changes of the values of the elements at a
fixed location, but nevertheless the simultaneity of the

two values is beyond doubt. Both the simultaneous records

are shown in Figure V-2(a} and (b).

A superficial examination of the two records
reveal certain basic information. The Fel 5250 is a
photospheric line and clear bursts of oscillatory nature
are seen in both the velocity recordse There are varia-

tions in the magnetic field values, but apparently
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without much coherence with the velocity variations.
Certain short neriod variations are noticed in the
macnetiec field records whose amplitudes are comparable

to those of noise fluctuations. Only in a few isolated
regions (shown by arrow marks), the velocity and
magnetic field variations have almost a one-to-oOne
correspondence. The long period variations shown in

both the records particularly in the second one are most
probably due to0 a region of non-uniform nagnetic field
drifting over the slit. The fact that such non=-unifor-
mities exist has been shown by the magnetic field measure-
ments over the same area eaploying a very slow rate of
scan. Figure V-3 ghows twoO such scans with different
amplifications used. Detailed analysis for these scans
may reveal the magnetic field concentrations at the super-
granular boundary levels, but such an analysis has been

left out for the present.

5.,%, COherence Analysise.

The coherence between the velocity and magnetic
field fluctuations has been tested following the methods
of statistical coherence analysis, applied by Edmonds
(1962) in his treatment of equivalent width, brightness
and velocity fluctuations on the solar disc. The method

is briefly described below:



e have simultaneodous measurements on two fluc-
tuating ocuantities viz. v(t) and H(t), let P_(£) and
PH(f) denote their power spectrum as dzfined in chapier
I7I, which represents the spectral densities of the fwo
elements at any gilven frequency bande. The relation
between these two elements similarly can be revresented

by the Cross spectrume.

+ o _
Pun ) = f Cvhn (T e ZTL‘FTC;,C

Zeg

(5.1}

being the Fourier transform of the cross correlation
function CVH(T). Generally the function PvH(f) is a

comnlex quantity and can be represented by

Pva#) = Rvn ) + 1 Svn ) (5.2)

the quantity Rvsﬁ(f) being the real part of the transform,
is called the co-spectrum, and SVH(f)’ the ‘mzTinorr part,

iz called the guadrature spectrui.

The cross—correlaticn function, ch( Z ) is

comnosed of two narts, ViZos The even part

+ + T/
-G \
Cun (@) = Lo 7J[UCt). H(t+2) + VCHt)HU‘)JdE('E'ﬁ

T 2

- TA



and the odd nar
Port + T2

Cvw o> = X o fEfCé)--H(e+z)~ v KO dE (5.

...."|72

It can be shown that (Goodman 1957)

+ 00
Rvu@® - ICV: (€) Cos 2TMf z d<T
e (5.5)
+oo
and Sva((f) = fCV:‘Cr) Sin 2Mf z dT (5.6)
-

The quantity defined by

2 2 '/ 2
o = | RencHts Y_H.Qf.?m{'

Pv () Pudf) (5.7)

is known as the coherence and is a measure of the
cross—correlation between the Fourier components of

the two variables, and the quantity.

O e [ Rwvn (£)

gives the phase difference between them for the

frequency bvand centred around f.



V=8

Efrors in determination of these two guantities
owing to finite length of data can be calculated in terms
of eauivalent degrees of freedom (Goodman 1957). Tor the

vhase angle ©(f), the error is given by,

2 . _2 73
ABHE) = e s‘w[%}% {0-5 ‘.1” 5.9)

where k 1is the degrees 0f freedom as defined by Blackman
and Tukey (1959). An aporoximate expression for AY CF) as
given by the analysis of Van Isacker (1961),

A
2P 2
Y = —— Y (fF) + l]
AY(E) Bty [ € (5. 10)

where AP®) is the probable error of one of the associated
spectra.s The expression is valid provided the value of

r{f) is not to0 small.

5.4 Results of analysise.

The output values of magnetograph and Doppler
recorder were picked up at 10 second intervals from the
two records, and converted into values of velocity
(netres/sec) and magnetic field (gauss) by use of appro-
nriate calibration factors as described in Chapter II.

The values were picked up at synchronous instants, so
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that the two series %hus formed, represents synchronous
variztion of the values of the two elemnents at a location.
A vprogramme written for the cross—spectrum analysis by
the Colaba Magnetic Observatory was used on the CDC 3600
computor at the Tata Institute of Fundamental Research,
Bombay. The results of the analysis are discussed in

the succeeding sections.

Figure V-4 and V-5 show the power spectra for the
two elements for the two records analysed. The absence
0f resonant peak around 300 seconds for the velocity
record taxen at the disc centre may verhuns be explained
due to the continuous shift of the observed region over
the spectrograph slit. For the location away from centre
(L= 046), the linear rate of shift due to solar rotution
being smaller, the resonant peak is seen better. No
striking resonant peak around 300 seconds period is seecn
in either of the two H power spectra. A small power
maximum is seen around 175 seconds period for the record
taken at the centre and ground 117 seconds atfA = U.b
nosition, the power density in both cases being suall.
lic consistency is noticed between themselves, or with

the corresponding velocity spectra.
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The results of the coherence analysis is shown
in Figures V-6 and V=-7. Probable errors in estimation of
both coherence and phase lag have been shown by vertical
bars, as calculated by ecuations (5.9) and (5,10) wherever
the value of coherence is high encugh to Jjustify the

assunptions made in the equations.

The most striking point is the apparent lack of
coherence around the noraal velocity resonance pericd of

300 seconds noticed in both the records.

Coherence is better at longer periods around 500
seconds and also, at periods shorter than 300 seconds.
The phase plot indicates that V and H are almost in phase

for all periodss

It is interesting to note that in both the records
the coherence reaches a maximum around the periocd of 467
seconds. Severny claims to have noticed a period around
this value in the fluctuation of the magnetic field value.
From the spectral curves it is seen that although no
resonant peak is noticed at this period, considerable
power density is available. If so, this mode of velocity
fluctuation and magnetic variation should be somehow
linked either at the source or during transmission through

the outer solar atmosphere, internlanetary space, the
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earth's atmosphere or in the instrument itself. 4t the
present stage it is rather difficult to isolate the
agency causing this apnarent simultaneous changes of the
two elements. TFrom equation 2.3 and 2.4 it may be seecn
that changes in the apparent equivalent width or the
residual intensity of the line can als0 produce changes
in the values of these two elements measured. These
anparent changes can be introduced due t0 scattering
during the transmission path or in the instrument itself,

as well as at the source in the solar nhotosphere.

The following reasons suggest that this coupling
is introduced some where in the transmission path. IEf
the link was at the source, it is difficult to interpretb
why the coherence should be maximum at any particular
frequency other than the resonant peaks. If the magnetic
elements are bodily shifted by mass motions, we should
have expected a peak in PH(f) recOrds also around 300
seconds, and the r(f) curve should have been more or
less flat. Neither or these effects are noticed. The
possibility of the simultaneity being introduced in the
instrument can also be ruled out, as there are no
apparent reasons for our observational equipment to
counle the channsls, at this particular frequency only,

leaving other bands. But the possibility of the counling
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being introduced in the transmission path is open. I
is true that the existence of this periodicity in the
s0lar spectral measurements have not been specifically
investizated, but a recent discusszion during the liice
Symnosium (1965) on cosmical gas dynaxzics suggests the
noussibilities of such periodicities. Evans reported to
have found a periodicity of about five minutes oeriod
in the integrated sunlight from their observations at
Sacramento Peak Ubservatory. This, however, is subject

to verification.

Another nossibility is that of chance coherence
stimulated by the random "seeing" fluctuations. This
can be verified only by carryingout measurements as

renort

oy

34 herein on occasions of differing seeing
quality from the best available at a site to a tyonically

average performainces

We can summarise our Observations on this
question of simultaneous variation of magnetic and velo-

city fields on the sun as follows:

i) Resonant oscillations of about 300 second
period do not have noticeable effects on the values of

1ine~of-sisht component of magnetic field.

ii) Sudden large changes in th& apparent Doppler

velocity have almost a one to one correspondence with
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sudden changes in mamnetic field as measured from its

effect on the line.

s

iii) The variation of the two elements have 2
zood coherence around 500 seconds wveriod. Interpretation
of this characteristic can best be done only after one
can ascertain the role of "seeing" in producing such

a nossible coherence.



In the present dissertation, I have given a
brief account of uy attempts t0 make some extremely
delicate measurements and the results obtained thereof.
I did not hope to find a coaplete answer t0 the yei
unsolved oroblems about the nhysical nature of the
dynamics of the solar plasma, but T hope, T have been
able to add somethiing to the present store of our
information about the oscillatory velocity and magnetic
fields. Certain new feabures have becen brought out
by the present series of Observations, some of which,

I azain howse, may arove vital to some future theory
explaining the complete magneto-hydrodynanic behaviour

of the solar vplasma

About the instrument I may like to add a few
commentse In the longitudinal magnetie field measure—
ments, we have apoarently reached a point on which only
marginal refinement can be made by the existing technique.
On the other hand, the transverse field measurements
offer a field where the varied ingenuities of any skilled
experimental ist may reap major gains. A few attempts in
this direction have been made, but the results so far

are not very encouraging. BEven, to-day, an accuracy of
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only 100 gauss in the measurement of transverse fields
is to be expected. Tor ftransverse field measurensnts
some albernative means must be found. Some attenpts in

this direction are currently being made at Kodaikanale

The accuracy abttained by the present techniaue
for the longitudinal field measurement is adejquate for
the image quality that one can possibly obtain at any
ground based station. Only when better image qualities
will be obtained from space nlatforns, one will be able
to use higher sensitivities (o advantage for studying

fine feature of solar magnetic and velocity fields.

About the oscillatory velocity fields, fthe
point which seem t0 come out my attempts is that the
degree of randomness in these motions are more than what
was thought to be earlier. A proper understanding of
these oscillatory mechanisms, thercfore, require much
longer records of controlled observations. A continuous
record of the "seeing" quality will be extremely useful

for interpretation of the observationse.

For study of the fine nature of the photospheric
nagnetic fields we will have t0 mainly depend on the best
of seeing conditions, and a small aperture. 1 believe

much useful information will come out of such studies.



Finally, it will be possible to observe a
few more elements, c. . adjacent continuum bright-
ness, the e uivalents widith etc. with some wodifica-—

tions of the onutical and electronics set u

s}

R
Continuous simulioneous observations of these
elenents over a carefully :iided lucation will
provide valuable informution about the coumplicated

dynanical processes of the solar atmosphere.

o ——
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