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STATEMENT

Realising the advantage of conducting X-ray astronomy
experiments near the geomagnetic equator, where the charged
’\particle background is low, the X-ray astronomy group at the
Physical Research Laboratory, Ahmedabad, India, under the
leadership of Prof., U.R. Rao, planned a comprehensive pro-
gramme in the field of balloon-borne X-ray astronomy. The
author, as a member of this group, working under the guidance
of Prof. U.R. Rao, has been actively involved in the planning,
fabrication and execution of all the balloon borne experi-
ments using oriented platforms, and in the analysis and
interpretation of data on point X~ray sources, beginning with
the first successful flight on the X~-ray source Sco X-1 in
November 1971. The present thesis incorporates the results
of studies on the X-ray source Cyg X-1 obtained from a number

of balloon flights conducted from Hyderabad, India,

Among discrete galactic X-ray sources Cyg X-1 has
been noted for its peculiar features in several respects.
It is remarkable for its irregular time variability. over
a wide range of time scaies, ranging from millisecond bursts
to abrupt intensity transitions with durations of weeks and
months. Further, it is one of the brightest X-ray objects
at high energies, with the spectrum extending upwards to a

few hundred keV. Optical identification of this source with
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bBcsﬁbérgiant ctar HD 226868 -~ a spectroscopic binary, associ-
ated radial velocity measurements and the short term{milli-
VISecond)fluctuations in X-ray intensity strongly indicate that

this X-ray emitting compact object is a black hole.

Paucity of observations at high energies and the
”possibility that a study of the long and short term variations
in intensity and energy spectrum of X-ray emission can shed
light on the emission mechanism and the nature of source
itself, led the author to embark on a comprehensive programme
to study Cyg X-1 at energies >20 keV. A series of balloon
flights spread over a period of four years were conducted
from Hyderabad, situated close to the geomagnetic equator

( 7\&2680N), to study the source characteristics in the
20~160 keV energy range. Employing sensitive oriented X-ray
telescopes onboard a balloon, long exposures (~1=3 hours)

of Cyg X-1 with ~u85% efficlency were obtained during these

flights, the results of which are presented in this thesis.

The thesis has been divided into seven chapters.
The first chapter gives a brief introduction to X-ray astro-
nomy, followed by a revieﬁ of the present status of obser-
vational information available on Cyyg X~1. The X-ray tele-
scopes Used in different flights are described in the second
chapter. In Chapter III, the data acquisition system,
telescope controls, aspect determination and other instru-

mentation details are briefly summarised. This is followed
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Y a brlef ‘account of mathematlcal and computatlonal technl~

'ques used to retrieve the relevant information in Chapter IV.

Chapter V describes the observational programme Of
' e,different flights and results obtained from these experi-
 ments in detail. ‘In Chapter VI, these results have been
. discussed in conjunction with other low and high energy
observations made on the source in an attempt to understand
the behaviour of the source at high energies. For the sake

 \0£ completeness of discussion on Cyg X-1 source, an overview

'N\of various models proposed to explain its X-ray emission has
been included at the end of this chapter. It will Dbe noted
that although considerable strides have been made in recent
years on theoretical side, the models have not advanced to
the extent that they can explain all the results reported
herein. The thesis concludes with a discussion of the
effect of celestial X-ray sources; both steady and transient,

on the night time D-region of the ionosphere.

Some of the important results that have emerged

from the present study are listed below :

1. Observations indicete that at energies :>20 keV,
during low state as defined by low ehergy measurements and:
quiet condition, the spectrum of Cyg X-1 upto ~/150 keV can
be best fitted to a power law with an index of ~1.8. The
high energy spectrum steepens when the sSource switches to

high state at low energies.
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. Cyg X-1 occasionally exhibits flare like enhance-
ﬁté?With intensity increasing by a factor of n/2 to 3.
'éﬁdh\flare enhancements seem to be independent of the phase

of the binary system.

3. In the particular evént observed by us; the inten-
sity enhancement in higher energy range of 87.5—16C,O keV
was by almost a factor of 5 as compared to the observed two
fold increase at the lower energy range of 29,0-76,0 keV,

A pecullar feature of this event is the time delay of about

5 min in the enhancement of intensity in the lower energy
channel compared to that in the higher energy channels The
energetics and spectral behaviour of the source during this
flare event, when the power law index was around 1.0, closely

resemble typical 7 -ray bursts.

4, Our observation provides the first evidence for
intensity fluctuations by a factor of ~/3 to 4 at high
energies on a minute to minute basis. In addition, our
observation also indicates periods of high and low intensity
for durations of ~25 min, All such fluctuations in inténsity

seem to be mainly confined to energies;€:76.0 keV.

5. The intensity fluctuations over ~~ 25 min are also
accompanied by complex variability in the spectral charact-
eristics. The spectral index of the best fit power law
spectrum varies over a wide range from 1.90 to 3.80, the
time averaged spectrum showing a value of ~/ 2,37, quite

different from the normal spectrum,’
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u; The~evidence presented in the thesis shows for the
~tﬁgimé‘that the source has two distinct levels of hard
QYfemission differing in intensity by a factor of ~/ 2.
'dditiéh;\weishow that the source exhibits a linear
~;var;abii££§\in iﬁtensity with the 5.6 day binary period,
ifthe variability being similar for both the states. The
{féOurce apparently spends almost equal time in the two

states.

. T From our observation, we suggest that the character-
'istic fundamental property of this socurce is the two state
emission at high energies which are emitted from the inner
disk, the two states having equal probability of occurrénce.
 \The normal state at low energies emitted from the outer disk
1s the one corresponding to the low state in intensity for
about 90% of the time. On rare occasions when the low energy
intensity emission flips to high state, the high energy X-ray
emission seems to show a further decrease which could be

interpreted as the third state of emission at high energies. -

8. Investigations of effect of X~ray sources on night
time D-region of ionosphere present quite a strong evide@de
for the detection of strong celestial X-ray sources like
Sco X~-1 through their ionospheric effect, especially at low
latitudes. In other words, the ionosphere acts as a wide
angle telescope for observing celestial X-ray sources.

A.K, JAIN
\ , Author
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INVESTIGATIONS OF HIGH ENERGY X-RAY
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CHAPTER I

';,X—RAY ASTRONOMY AND CYG X~1 s AN INTRODUCTION

1 X-RAY ASTRONOMY : ITS IMPACT

X-ray astronomy, though only 17 years old, has already
made a significant impact on physics in general and astrophy-

sics in particular. X-ray observations have revealed new

' féscinating objects and phenomena, where the inferred
”;energies, densities, and magnetic and gravitational fieldv
strengths are SO extreme that we are not even confident that
we know the relevant physics. On the theoretical front
these pbservations have opened up new lines of investigation

such as the study of the evolution of highly condensed stel-

 lar objects and the properties of high dens ity matter under
’the influence of intense magnetic and gravitational fields}
A typical example is the discovery of possible existence of
a black hole in Cyg X-1 binary system, which has already
given an impetus to the development of physics, because of
the realisation that astronomical observations may provide
the testing ground for rival gravitatioﬁal theories. Black
holes signify a region of space where matter density appro-
aches infinity and radius tends to zero. Perhaps the para-

doxes associated with such a singularity within a black



hole are as fundamental and as far reaching in their impli-

catiOnS as the puzzles connected with black body radiation

fd,Stability of bound electron orbits in atoms, which con-
fronted physicists at the beginning of this century and

ftriggered the development of guantum theorvy.

Possible existence of black hole has profound
_implications on the development of ideas in astrophysics.
_ Once one such object is shown to exist, it raises the

_ possibility that many more such objects may be present in
 the universe. For example, Lynden-Bell has suggested that
supermassive black holes may exist at the centre of'active
 galaxies, and may explain very large enerdy emission from
objects such as quasars. Hawking, using guantum theory of
gravitation, has suggested that mini black holes of
mass(g;MO might have been formed due to irregularities at
the instant of primeval explosion and may be slowly

disappearing giving rise to bursts of gamma raysS.

On the astrophysical front, a new class of stellar
objects have been discovered, where the dominant mode of
energy loss is through the emission of X-ray photons.

36 orgs sec”! in the

Sco X~-1, for example, radiates 2 X 10
1-10 keV energy range which i5nJ103 times the energy radi-
ated by it in the optical band. Moreover, X-ray objects

‘are among the most luminous stellar objects in our galaxy.

X-ray luminosity of Sco X-1 is 2 x 10° times the optical



inosity and 1OlO times X~-ray luminosity of the sun..

Detection of X;ray emission from a large number of
nary systems, where a large flux of X-ray photons is emit—
‘éd’when mass flow from a primary star accretes on to a
:ééﬁpact companion, has led to the realisation that such an
X-ray emitting phase is a rule rather than an exception in
;the evolution of close binary systems, It is c}ear that
VSQCh systems form nature's unique astrophysical observatory
. for studying high density collapsed objects. For eXamplé,
these systems make it possible for us‘to determiné, fo?’the
ﬁirst time, the mass of a neutron star, as in the cése\of
Cen X~3, Her X-1,and Vela X~1 systems. We can determine the
orbital elements of these systems with great precision and
thus can get the mass function of the system. Knowing the
_mass of the primary star from a study of its visual spectrum,
we can estimate the mass of the compact companion, which is
of great significance in neutron star astrophysics. It
immediately permits us to differentiate between different

__equations of state in density regions of lO15 g cm-3,

Another remarkable advancement on the astrophysical
front is the realisation of the fact that there exist a
variety of stellar objects exhibiting regular and irregular
‘variations in intensity having widely different frequency

characteristics ranging from milliseconds {(Cyg X~1), seconds



He,;»i'x;i;, Cen X-3 etc.), minutes (Vela X-1, A 1118-61,

6535%26 etc.), and even to days and months {eclipsing
ihaﬁies and transient sources). Whereas short period time
a:iétiOns such as milliseconds and seconds could be explained
ﬁﬁhhblack hole and neutron star hypothesis respectively, no
iﬁﬁé model yet exists for transient sources as also for

jthe sources exhibiting pulsations at larger time intervals.

Discovery of gamma ray and recently of X-ray bursters
_ 1s yet another important milestone in the revelation of the
 hitherto unknown phenomena. The launching of more and more
sophisticated instruments such as high resolution Bragg
'reflection speétrometers, and imaging devices (grazing angle
telescope) onboard satellites, rockets and balloons capable
{\of providing detailed features of X-ray emission will lead
3 ?9 a better understanding of these puzzling phenomena, and
possibly to the discovery of still more puzzling processes

taking place in the universe.

1.2 EARLY HISTORY AND X-RAY SKY

Table l.1 summarises the early history of X-ray
astronomy listing various important events starting from
discovery of first X-ray source to the launch of Uhuru,
the first.satellite devoted entirely to the study of non-

‘solar X-ray sources, on December 12, 1970, The launch of

Uhuru revolutionized the subject of X-ray astronomy leading
to many surprising discoveries and to a qualitative change

in our understanding of X-ray sky,'due mainly to the long
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time available for observation coupled with high sensiti-
\;ty ahd\good temporal (96 milliseconds) and spatial
7 ~Qvl\arc min ) resolution.

The fourth Uhuru catalogue of X-ray sources
{Forman et al. 1978) lists 339 sources down to avlimiting
sensitivity of 3 x 10711 ergs an™? sec”! for a nearly com-
plete sky survey, using the data accumulated over~2 years
of bperation of Uhuru, &n additional~s,100 more sources
have been diséovered by rocket borne and balloon borne
detectors and later satellite missions, namely Copernicus,
~ 080-7, aNS, Ariel-V, 0S0-8 and SAS-3 {(Markert et al. 1975,
1976, 1977:; Seward et al. 1976a, 1976b; Villa et al. 1976
Pounds 1976:; Gorenstein and Tucker 1976; Lewin 1977;
Carpenter et al. 1977; Cooke et al. 1978). (This does not
include the sources seen by HEAO-1). This includes about
20 transient sources and~25 X-ray bursters. Most of these
sources have been observed in the 2-6 keV energy range.
At lower energies, studies are limited by the absorption
of X~rays in circumstellar and interstellar matter, whereas
the steep spectrum of most of the sources does not permit
their study at higher energies with presently available

sensitivity,

A map of X-ray sky in galactic co-ordinates based

on the fourth Uhuru catalogue {(Forman et al., 1978) is shown



in Fig. 1.1. It is clear from the figure that most of the

k»lsources naturally divide thémselves into two broad groups,
those that are clustered at low latitudes, along the gala-
ctic plane, referred té as low galactic latitude sources
(| bl« 20°) and those that spread more uniformly about the
. sky, called high galactic latitude sources { | bl > 20°).

Majority of sources at low galactic latitudes are among the

brightest and are believed to be stellar systems within
our galaxy. Most of'the_high galactic latitude sources
are faint and appear to be connected with extragalactic

objects.

A large number of X-ray sources have now been
studied in sufficient detail to enable us to classify them
into few broad groups, based on their phenomenological
characteristics. This has become possible because of the

- precise knowledge of their temporal and spectral behaviour
coupled with their identification with known optical
objects. A classification scheme based on above criterion
is shown on page 8 . This classification scheme is tenta-
tive and not very rigid, as there is considerable overlap
in observational features of different classes of objects.
There are roughly 200 sources lying at high galactic
latitudes. &Among these, X-ray emission has been observed

from normal galaxies like M 31, where X-ray emission is by
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ﬁperposition of individual stars, and from active galaxies

f iike radio galaxies {e.g. Cen A and M 87), Seyfert galaxies
(e.g. NGC 4151), 050's {e.ge 3C273) and BL lac objects {€.g.

‘MKN'421). Clusters of galaxies also appear as extended

:Xftay sources, while in certain cases the most active gala-

yies in the cluster are also identified as a single source

fo Xérays. But more than half of high galactic latitude
sources are as yet to be identified, some of which may

:béiong to a new class of objects where principal emission

is in X-ray region.

1.3, GALACTIC X~RAY SOURCES

There are about 250 X-ray sources which are lying

at low latitudes and are believed to be galactic. The

luminocsity of these sources is in the range of 1035 - 1038

ergs secl Therefore, the energy released per gram of

stellar material in these sources is much greater than
that from normal stars. Quite a good number of these are

members of one of the following six classess binary comp-.

act sources, transient sources, globular clusters, X-ray

bursters, soft X-ray sources and supernova remnants. Rest
of the unidentified sources have been put in the category
of others for want of more precise information. Many of

these have shown remarkable variability in intensity

(Villa et al. 19763 Forman, Jones & Tananbaum, 1976) and
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\iﬁ is quite probable that they are compact binary systems,
even though such a confirmation is not possible at present

due to their low intensity and poor statistics.

One of the most excitimg discoveries in X-ray
astronomy is the association of X-ray sources with short
period binary systems, made possible by a study of their
tempofal characteristics (by observation of X-ray eclipses
and Doppler modulation of pulse period) and identification
. with an optical star showing evidence of the binary nature.

This class of X-ray sources can be further divided into

three subclasses, based on their temporal characteristics.

i) Pulsating sources - depicting well-defined pul-
sations with periods ranging from fraction of a
second to several minutes. Typical examples are

Cen X-3, Her X-1 and Vela X-1.

ii) Irregular variables - depict irregular variabi-

lity over milliseconds. Typical example is Cyg X-1.

iii) Slowly varying sources - depict slow variability

(U minutes to hours) Examples are Sco X-1, Cyg X-2
and Cyg X=3.
The typical X-ray source in our galaxy, with the

exception of supernova remnants, is broadly interpreted

as a compact object (white dwarf, neutron star or black
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Molé) orbiting about a stellar companion, and drawing gas
[suppiied by either a stellar wind or critical lobe over-
 flow from the companion stara(gee Fig., 1.2) {(Pringle and
 'Rees, 1972; Davidson and Ostriker 19733 Lamb, Pethick
"and Pines 1973). The matter accreting onto the secondary,
kin general, has angular momentum with respect to the
secondary and, hence, cannot radially fall onto the

secondary. Instead it forms a disc and spirals inward as

the angular momentum is transported outward by viscosity

 of the matter in the disc. As it falls through enormously
strong gravitational field of the compact object, it is
“accelarated to almost the speed of light and gets heated

© Ok thereby radiating X-rays. The

to temperatures ofﬂvlol
maximum temperature achieved and the efficiency of‘gas‘

accretion process primarily depend on the ratio of the mass
of the compact object to its radius. The total X-ray lumi-

nosity depends upon the rate at which gas is accreted onto

the compact star,

For a compact object of mass MC and radius R, the

gravitational energy released per gram would be of the

order of GMC . If the mass accretion rate is M, the total
R
gravitational potential energy released per second is
GM M
L~ <

%4 \
per yr} . {(1.1)
(10‘9% }

4

R
3 M\ (R
~ 103 erg sec ME.' .
@/ N A
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~ Fig. 1.2 s Schematic representation of the rotating neutron
; star model for pulsating X-ray stars for accretion
disk and stellar wind cases.
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Temperatures produced DY thermalisation of this flow are

 of the order of

GM
T o~y %P c
N
M R
~J lJOLk’ME” ﬁf___ Kk (1.2)
)

where m, is proton mass, k is Boltzman's constant andcX is
the efficiency factor that depends on how the gas is hea-
ted. For adiabatic heating in a strong shock waveeX~0.1
(Landau and Lifshitz 1959). For slower heating proces-
ses such as viscous heating in a disc, radiation losses
are important and temperature is determined by a balance
between radiation losses and heating. In this casegXcan

be as small as 1072 -~ 107° (Pringle and Rees 1972; Shakura
and Sunyaev 1973).

If the accretion process 1is to produce temperature
of the order of 108 OK, the ratio of mass to radius must
satisfy the relation

M R

c o} 10
(M"){i’> ~o= 2 100 ol ~ 0.1
o)
For main sequence stars, mass-radius ratio is

never greater than 3 in solar units. For degenerate

white dwarfs it is about 100 and therefore temperatures
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 of the order of 1O8 Ok can be produced by shock wave heating
put not by viscous heating. For neutron stars and black holes

o
it is 107, which means high temperatures can be produced evern
- . o
by viscous heating and temperatures of the order of 1012 K

can be achieved by shock heating.

From eqn. l.l1 we see that for degenerate dwartfs, mass

accretion rates of the order of 1077 M yr—l can produce -

Jluminosities of the order of 10%8 erg sec~1. For neutron

stars and black holes, mass accretion rates of even 10'8 N%ym’l

will produce luminosities of the order ot 1038 erg sec e

The conditions at the inner boundary of the
accretion disc depend upon the nature of the compact
object. If the compact object is a slowly spinning neutron
star with a dipole-like magnetic field, then the accretion
disc may not be the dominant source of radiation. The
infalling matter follows the magnetic field lines beyond

the Alfven surface of the neutron star and thus must co-

rotate and flow towards the magnetic poles. In this case
both the star and its immedilate vicinity may contribute
to X~-ray emission, and in the case of an oblique rotator
the emitted radiation appears pulsed with a period equal
to the rotation period of the neutron star. But for a
black hole as the central body of the X-ray source the
accretion disc must play an essential role in X-ray
emission. Unlike in the case of neutron star the energy

cannot be radiated at or near the ngurface" of the




‘iobject, and it is only the characteristic observational
 features of X-ray emission which can give a clue to the
understanding of the physical nature and structure of the

accretion disc.

Many variations of the above fundamental picture
can explain the diversity of galactic X-ray sources
observed, and a fairly convincing case can be made on ﬁhe
basis of combined radio, optical and X-ray observations
that all compact galactic X-ray sources, not associated
with supernova remnants, are mass transfer binaries

containing a collapsed object. For example, the transient

sources can be explained by highly variable gas deposition
onto the compact object. This can happen in two ways.
There can be either a binary system with a highly eccen-
tric orbit so that only for a small fraction of orbiﬁal
time the two stars are close enough for gas transfer to
occur or a binary with a cataclysmically variable pri-
mary star can exist, so that sporadic eruption of the
‘surface layers of primary would cause a long-term varia-

bility in gas transfer. Evidently the transient source

will be periodic in the former case and non-periodic in
the latter.

Accretion can also take place on a massive black

hole in the centre of a large collection of stars. In
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fact, such a mechanism has already been given for X-ray
emission from globular clusters (Bahcall and Ostriker
1975; Silk and Arons 1975). Basic model for production
of X-rays in different types of galactic X-ray sources,
however, is similar and it is quite probable that these
X-ray sources form a continuous chain of sequence, rather

than discrete classes of astrophysical phencmena.

1.4 CYG X-1 AND IRREGULARLY VARYING BINARY X-RAY SOURCES

The binary X-ray source Cyg X-1 is one of the
most exciting X-ray sourcesin the sky and is a typical
example of the type of X-ray sources described above.
It‘is a binary system containing a collapsed object,
which is a good candidate for black hole. The main
characterlstlcs of this class of X-ray sources is thelr
short time period (0,1 - to 1 sec) chaotic irregular
variability, as well as the presence of millisecond
bursts in their low energy X-ray emission, which requires

that emission region should be very compact.
In what follows, irregularly variable binary
X~-ray source Cyg X-1 is reviewed since it is of direct

relevance to the investigations described in this thesis.
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1.5 HISTORICAL DEVELOPMENT OF OUR KNOWLEDGE ON CYG X-13
" PRESENCE OF A BLACK HOLE

Cyg X-1 was one of the earliest X-ray sources
vvto be discovered by Bowyer et al. (1965) during a rocket
 ]fiight and has been extensively studied. Starting
 Qith'the carly observations of Byram et al. (1966), exten-
 sive measurements carried out since then using balloon
platforms have firmly established the intensity varia-
bility of the source {see e.g. Overbeck and Tananbaum
1968a), at least in the region above 20 keV. ¥From a care-
fﬁl analysis of all the data available +il11l 1970, Dolan
(1970) was able to demonstrate that not only the flux
but also the spectral characteristics of this source
gxbibited time variability, the flux essentilally varying

between two levels.

In addition, earlier studies were also able to
establish that the source had a hard power law spectrum
éxtending upto few hundred keV, fesembling the spectrum
‘of supernova remnants like Crab nebula. The accurate
location of Cyg X-1 was, however, fixed only in early 1971
by Uhuru (Tananbaum et al. 1971) and modulation colli-
mator onboard an MIT rocket f£light {(Rappaport et al. 1971a)
and a Jépanese balloon flight {(Miyamoto et al. 1971). The

discovery of a weak variable radio source by Braes and
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j,iley(197l) and Hjellming and Wade (1971) within the error
'ifcle\of\the X~ray source locatio; suggested that the
'radio source was also a part of Cyg X-1 system, even though
”_the large error in position determination could not make

_ the identification absolute, Observations prior ﬁo March
: 1971 ét 2695 MHz and 1415 MHz could only indicate an
  upper limit of .005 flux units (Hjellming and Wade 1971:
Wade and Hjellming 1972; Braes and Miley 1971} for the
radio source. However, during March 1971 the intensity

 Of this radio source increased three fold to .015 flux
f ﬁhits, coinciding with a sharp reduction in the X-ray
emission from Cyg X-1 in 2~6 keV by almost a fact of 4
(Tananbaum et al. 1972) and an enhancement of flux in

 the range 10~20 keV by more than a factor of.two (Fig.l.B),
thus confirming the X-ray/radio aésociation of the source and

subsequently leading to its optical identification.

The error box determined for the radio source

(1" ) included the 5.6 d spectroscopic binary star

 AHDE 226868 (Webster and Murdin 1972; Bolton 1972&) of 9th
,fmégnitude which is at a distance of about 2 kpc (Margon et
al., 1973). Based on the assumption that the star is a
normal BQ Ib.supergiant, the mass of primary star was
estimated as greater than 20 M, . Observations of Hydrogen

and He II 4686 emission lines from the system indicate that
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Fig. 1.3 3 simultaneous X-ray and radio observations
of Cyg X-1 in 1971, The transition of X~ray
intensity and spectrum occured during March
1971 (Tananbaum et al. 1972). The radio dat:
exhibits an antilcorrelated transition during
the same period,
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vthevemitter of the lines is on a stream at 600 to the line

‘Q§ning,the centres of two stars, providing evidence for
Hhé>existence of streaming matter in the system. The
~bitai elements of the system determined from obser-
;étion of HDE 226868 led to the mass of X-ray companion
:;S‘Mb. Recent data from Copernicus and 0S0-7(Mason et al.
974; Li and Clark 1974 ) have revealed small dips in the
i+£ay light curves near the supérior conjunction (near the
phése of closest approach of optical star to us) and the
u &§ta from All Sky Camera onboard Ariel V showed a 5.6 d
 ~~deulation of 3-6 keV intensity (Holt et d. 1976a,b).
{Thus,the present evidence strongly supports the hypothe-

sis that Cyg X-1 X-ray source forms a close binary system

with HDE 226868, having a 5.6 d period.

The X-ray intensity from Cyg X-1 has been observed
5fé,vary significantly at time intervals down to one milli-
Second. Rocket observations carried out with high time

resolution showed the presence of several bursts of~wl milli-

sec duration (Rothschild et al. 1974, 1977; Oda et al.
1974). This X-ray variability and presence of milli-
lécond bursts in its emission further confirm the compact-
lNess of the X-ray emitting region, with a aizefé:lO7 cam o,
assuming the X-ray emission is coherent over the size of
ﬁhe secondary star. Thus, it is very likely that X-ray

companion is a compact object with a mass significantly



reater than 3 M@. A mass of 2 to 3 MO is considered to be
he limit that a compact star can resist against gravita-
ibnal collapse and such objects inevitably become black

oles (Rhoades and Ruffini 1974).

Numerous alternate hypotheses have been considered
/byxﬁérious workers., Brecher and Caparaso- (1976),for example,
/have proposed that the mass limit for a neutron star could
be raised upto 4.8 Mo' Trimble et al. (1973) have pointed
_out an alternative interpretation of the system which does
not reguire a highly massive primary, 1f the source is
located at a distance of less than 1 kpc, even though this
possibility is now ruled out because of the strong evid-
ence confirming the distance of HDE 226868 as more than
2 kpc {Margon et al. 1973; Bregman et al.,1973). Attempts
/‘haVe been made to invoke small spots of size less than O.1
light second (3x109cm) on a normal star instead of a co-
herent compact star as a source (Kellogg 1975).
In such a case, however, one finds that the Eddington
limit is of the order of 10°% erg gec™ which is far
below the X-ray luminosity of this source {™ 1037 erg secfl),
Models have been proposed (Bahcall et al. 1974; Fabian et
al. 1974) in which the companion star of HDE 226868 1s not
the X-ray source, by invoking a separate low mass third
body e.g. a neutron star as the X-ray source. Even though

two such models 'distant triple' and 'close triple' have
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 been proposed, a fairly comprehensive search carried out
  for the third low mass star by Abt et al, (1977 ) has yiel-
ded no positive results. Phasing of observed X-ray
absorption dips (Mason et al. 1974) also appears to pre-
sent difficulties for three body models. In spite of a
number of alternative models that have been proposed,in
view of difficulties in expiaining all the observational
facts presently known,the conclusion that Cyg X-1 is a

black hole seems to be almost inescapable.

1.6 CHARACTERISTICS OF LOW ENERGY X~-RAY EMISSION

X~ray emission.of Cyg X~1 at lower energies,
~ 2-20 keV, is characterized by its irregular variability
over all time scales from years, months and days to
seconds and milliseconds, The main characteristics of
its X~-ray emission at energies « 20 keV are the
following.

le621 Transitions

The slowest intensity change in X-ray emission of
\Cyg %-1 are transitions between low and high luminosity
\étates on a long term {(month and year) basis indicating
two physically distinct states of Cyg X-1l. First dis-
covery ofbsuch a transition was made when Uhuru observed
a major decrease of X-ray emission in the 2-6 keV range,
‘ ‘by almost a factor of 5, which was associated with the

sudden appearance of a faint radio. source between March 22
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Land 31, 1971 {Tananbaum et al. 1972), as shown in Fig. 1.3.
,The reverse upward transition to the high level state occur-
 red during May 1 to May 8, 1975 (Heise et al..l975). The
flux level in the 1-30 keV energy range during this time
increased by a factor of about 8 compared to the low level
. flux established by Uhuru in April 1971, the bulk of the
‘-1increase, almost tenfold, occuming between 1 and 2 keV.
iClQSe examination of the data from ASM onboard Ariel V
(Holt et al. 1975) established April 22, nine days before
’initial observation from ANS, as the date of transition
(Fig. 1.4). Close monitoring of the source by Ariel V
(Sanford et al. 1975) showed that the source remained in
the high state %ill around May 9-~10, and then began to
gradually return to the low state as shown in Fig. 1.5,
the high state lasting for nearly 20 days. Rao et al.:

(1976 ) made X-ray observations on Cyg X-1 in 2.5 - 18,75

keV energy range from Aryabhata, India's first satellite,

on April 19, 1975 and provided, for the first time, spect-
ral information just prior to a transition from low state
to high state. The spectrum observed by them was much
harder (X ~0,7) than the typically observed spectrum

(X ~1.6) for the source in low state., It is not clear

whether the spectral hardening observed by them forms a
prelude to transition of the source or is a property of

its short term fluctuations, not necessarily related to

the transition.




IARRRAANGARRERERE R RERERERERRA RS RN RRAREAR

0.1+ -
VAt pld it e btk b e i bt ARl Al ALl

75 80 85 90 95 100 105 10 IS 120
Day (1975)

Fig, 1.4 : Transition of Cyg X=-1 from low to high state
in April 1975 observed by Ariel V All-Sky
Monitor {Holt et al. 1975).
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Observations by ASM which has monitored Cyg X-1
 quasi-continuously since its launch in October 1974 show-
'éd that Cyg X-1 again reverted to the high state in
’Ndvember 1975 (Holt et al. 1976b). A smaller increase
 with an e-folding decay time of order of a week was also
'réported in September 1975. The third incréase in November
kwas io the level of April event. It did not, however,
decay over the same time scale and lasted for nearly three
‘months. The high states appear to be characterised by
: considerably large variability on time scales of several

hours (Holt et al. 1976a).

1.6:2 Absorption Dips and 5.6 4 Modulation

X-ray detectors on 050-7 (Li and Clark 1974 ),

Copernicus (Mason et al. 1974) and ANS satellites
(Parsignault et al. 1976) have detectéd dips in soft
X-ray intensity light curves near the orbital phase

0.0 with respect to superior conjunction. The Copernicus
satellite foﬁnd five dips in seven observations, each Of
which occured just prior to the phase Qf superior conjun-
 ction of HDE 226868, and hence presumably were neither
caused by absorption in the stellar atmosphere nor due

ﬁo an eclipse phenomenon. These dips have been inter-
preted as due to the absorption caused by matter stream-

ing from primary onto the X-ray star, which occasionally
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”iﬁtercepts the line of sight of Cyg X-1. The observed
counter-correlation of X~-ray intensity and spectral hard-
ness appears to support this interpretation. Li and Clark
(1974) detected one absorption event on January 2, 1973,
out of three independent observations made near phése 0.0,
which lasted at least 37 minutes and have estimated the

columnar density of absorber to be of the order of 1022 H

atoms cmﬂz. The Copernicus data have demonstrated that
the duration, column density, and also the phases of these
dips are wvariable, all of which suggest that the absorber

is not rigidly fixed to the system.

The ANS satellite observed Cyg X;l from November
3 to 9, 1974 and detected three dips, at superior conjun-
ction and half day and one day after the superior conjun-
ction of HDE 226868. A typical dip is shown in Fig. 1.6,
indicating rather short time scales of 10-15 min. During
these events the X-ray spectrum was observed to be harder
\p\and dips may therefore be interpreted in terms of absor-
\ption in gas as suggested by prévious observations, How-
ever, thelr observation suggested that the phenomenon of
absorption dip may be a rather permanent aspect of

Cyg X~-1 emission possibly.occunﬁng during every binary
cycle during some epochs, with a variable complex profile,

implying that structure of absorber is rather complex.
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Fig. 1.6 ¢ The counting rate profile of a typical absorption
dip in Cyg X~1 low energy intensity observed by
ANS {Parsignault et al, 1976).
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The Ariel V ASM éxperiment found a 5.6 d modulation
 over 3-6 keV enérgy range, synchronised with HDE 226868, in
éix months of data prior to April 1975 transition from low
state to high state (Holt et al. 1976a). A similar 5.6 d
modulation with a smaller amplitude was detected by the
\éame experiment over three months, November 1975 -

January 1976, when the source was again in its high

state., The results are displayed in Fig. 1.7 showing the
decrement at phase 0.0. The amplitude of modulation is
largely in excess of what is expected from the size of

dips observed by Copernicus, 080-7, and ARS and it is not
clear how these two classes of superior conjunction decre-

ments are related {Holt et al. 1976bJ.

 1.6%3 Short Term Variability

l.6¢3.1 Characteristics

On short time scales Cyg X-1 exhibits large fluctu-
ations in intensity at seconds'leﬁel, including bursts of
seconds to millisecond dﬁration. However, in spite of a
number of observational studies, systematic understanding
of the nature of the variability has not yet been reached
because of its complex feature. The results on short term
variability of Cyg X-1 are mainly from data by extensi&e
observations of Uhuru and high time resolution rocket
observation of MIT (Rappaport et al. 1971b),GSFC

(Rothschild et al. 1974, 1977) and IsAS (Ogawara et al.1977).
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ost of these studies have been made when source wés in its
‘low state, except some Uhuru scans before March 1971 when
source was in the high state. On the basis of these
fobservatlons the time profile of source counting rate appe-
ars as almost continuum over which are superlmposed spikes
féf different sizes, ranging upto a few times the averade
_intensity} with time scales of a fraction of a second.

However, there has been one observation by Sas-3 (Canizares

and Oda 1977) in October 1976 when Cyg X-1 exhibited an
f'ﬁnusually high degree of variability in its X-ray emission
compared to earlier observaticns, though the average
intensity of source was similar to that observed during
the low state. This observation showed the source to be
. in a highly active state exhibiting rapid, continual
‘:flaring on time scales of 1~-10 sec. Powér spectral ana-
lysis of the data (Brinkman et al. 1974; Boldt et al. 19757
.Wéisskopf et al. 1975) indicates that an appreciable
portion of the power in Cyg X-1 is contained in the fre-
quency below 1 Hz. Auto-correlation and variance analysis
of the rocket data (Ogawara et al, 1977) also support this
observation, though these data, in addition to the vari~
ations over .le#V1 sec, also show additional charaéter—

istic time scale of ~»10 milliseconds in the 10-25 keV

energy band.
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 1.6:3.2 Shot noise model

Successful attempts have been made to simulate the
timé profile of short term variability of Cyg X~1 by super-
posing random, overlapping and exponentially shaped shot
 _noise pulses of constant height which are essentially
characterised by the rate of occurrence (A) and decay
time constantT which is typically ~~ 0.5 sec (Terrell
1972; Boldt et al. 1975). Such a model may physically
\Nsﬁggest, for example, the formation of local "hot" spots

in an accretion disc. Alternatively ({Canizares 1976),
»r&lO.5 sec time shots might be the result of reverberation
of millisecond pulses produced in the disg¢ on the circum~
source configuration of material. Such an interpretation
severely imposes a lower limit to the number of photons
per millisecond burst (see discussion on millisecond
burst). Yet another view is that the shots are produced
by turbulence or the twisting of magnetic field lines
within the inner portion of accretion disec, in which case L
may be the characteristic time for build up by differen-
tial rotation in an accretion disec of large magnetic
stresses to the point of triggering an instability (see,
e.g. Shields and Wheeler 1976:; Wheeler 1977). The quan-
tity T could be associated with thermal relaxation time,
a magnetic field reconnection time or the time for radial

infall of flaring matter into the black hole.
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The bulk of the present observations indicanetﬁm
that whereas the decay time T of the shots is remarkably
‘éOnstant at a few tenths of a second (Boldt et al. 1975),
Ehe pulse rate )\ scatters over a large factor depending

on the intensity of the source, thus supporting the shot
noise model. Few exceptions such as the SAS~3 observation
by Canizares and Oda {1977) and studies by Ogawara et al.
{1977) have yielded different times for T, suggesting that
;rgprobably the proposed model is too simple and the varia-
;bility, in reality, may be more complex than what can bea
simulated by a simple shot noise model. The first attempt
M:to examine the fraction of shot no;se flux as a function of
 the state of Cyg X-1 by Sutherland et al. {1978) utilising
,Uhuru data taken in both high and low states indicates that
the typical correlation time {=~r 0,5 sec ) and the fraction
of flux in shots (-~ 30%) are constant, independent of the
state. Further, the rate of occurrence of shots also seems
to be constant at nearly one shot per second, which, if
confirmed, would imply that principal difference in time

variability in two states is the amplitude of shots.

. 1.6:3.3 Periodicity

Several investigations have been carried out on
short time-scale pulsations in Cyg X~1 beginning with the
early studies by Oda et al. (1971) using Uhuru data. These

S

studies have, however, yielded conflicting results
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(Holt'et al. 1971; Rappaport et al. 1971b; Shulman et al.
.1971), several periods being reported by different workers.
_The suggestion from these observations was that Cyg X-1
 shbws sporadic and variable periodicities, which was
further confirmed by Schreier et al. (1971) who found
 periodic pulse trains with periods in the range 0,3 sec to
o&er 10 seq,with fractional power between 10 and 25%, each
pulse train persisting for several seconds to several tens
of seconds. This was also confirmed by Oda et al. (1972)
. who produced a dynamic spectrum for the time profile of
rocket observation of Rappaport et al. {1971b), which

showed that power is concentrated below a few Hz and also

showed how various frequency components for the range of
0.1~~5 Hz appear and disappear. Terrell (1972) showed
bycomputer simulation that the apparent quasi-periodicity

x:of Cyg X~1 may be simulated by the super-position of shot-

néise~like pulsation of a fraction of second duration and
that this can reproduce the qualitative appearance of the
observed power spectrum, However, Oda et al. (1976) sum-
marising the power spectrum analysis on a number of
observed data have sugggsted that the power in the dynanic
spectrum analysis tends to concentrate in discrete bands
such as 0.2 — 0,3, 0.4 - 0.5,~-0,8 and 1,2 - 1.5 Hz.

The probability of this clustering of pulses being pro-
duced by means of superimposed random shots simulating the

average power spectrum is less than O.3%, even though the
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;Statistical significance of the result itself is question-
 éble. Rothschild et al. (1977) have also found evidence
}for periodicities with frequency below 10 Hz. But, because
iQf the marginal nature of results presently available, it
/is hard to distinguish whether the quasi-periodic behaviour
Efcorresponding to large peaks in the power spectrum is genu-
ine {(i.e. the period has some physical meaning) or it is
vimerely a statistical and spurious effect with no connection

to any oscillatory processes.
1.6:3.4 Millisecond bursts

In addition to the general variability over time
scales of 0.1 - 1 sec,Cyg X-1 also exhibits millisecond
bursts carrying peak count rates which are often several
times the average intensity. These bursts were first dis-
covered in GSFC rocket experiment of October 4, 1973 by
Rothschild et al. (1974). They found eight significant
bursts of~w1 millisecond duration during 50 seconds of
exposure on the source. Three of these occurred within an
interval of enhanced emission lasting 20 milliseconds.
Recently, GSFC group has confirmed (Rothschild et al. 1977)
this finding by a second rocket observation on October 3,
1974. The existence of ~»10 milliseconds variability was
also indicated by variance analysis of Ogawara et al.

(1977).




The second rocket experiment of GSFC of October 3,
‘1974 identified five millisecond bursts in a 180 sec
f?exposure. Duty cycle for bursting, based on these two £1i~
ghts, is~6 % 10“5. During the combined 230 sec of expo-
Sﬁre of two flights there are no other significant bursts
oVer 0,16 - 5 milliseconds, suggesting a specific physical
‘ mganing for the '"millisecond" bursts. Superimposed analy-
g%ié éonducted after aligning the centroids of a number of
”bdréts showed no evident internal structure within the
bgrst, even though the most intense of the 13 bursts
observed in 1974 showed bunching of counts indicaﬁing

the existence of substructure within the burst.

Canizares (1976) has suggested that the shot-noise
pulse and one-second flares can be the result of rever-
beration of embedded millisecond bursts with the circum-
source cloud. The observed millisecond bursts may then
f\haVe some relation to these millisecond bursts, though
the total energy contained in the observed millisecond
burst is far too low to supply the energy of the shot-
noise burst, and it is very difficult to attribute the

shots to typical millisecond bursts observed todate.

The millisecond bursts are generally considered to
reflect the nature of innermost part of the accretion disk
around the black hole and may be associated with turbulence

in disk accretion at t he innermost -orbit for a black hole.
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However, recently Weisskopf and Sutherland (1978) have cast
doﬁbts on the physical reality of these observed milli-
réécond bursts because of the statistical uncertaintiesr
_due to small number of counts associated with these bursts.
| They have shown that many of the properties of the observed
‘:millisecond bursts, including their fregquency and their
':profile, can be accounted for by suitably chosen shot-
V ﬁoise models whose parameters are consistent with Uhuru
observations on longer time scales. It is obvious that

further extensive observations are needed for establishing

the physical nature of the millisecond bursts.

\1;7 CHARACTERISTICS OF HIGH-ENERGY X-RAY EMISS ION

Due to the steep spectrum and poor statistics(
available information on the characteristics of Cyg X-1
X~ray emission at energies » 20 keV is scanty. The earlier
observations of Cyg X-1 at these energies which have been
summarised by Dolan (1970), were mainly confined to the
study of its energy spectrum and long term variability
‘;Hover months and years. A variation of intensity by a
factor of two in the hard X-ray range was found by Haymes
‘and Harnden {(1970) over a time-scale of 5 years, Since
1970, however, a few observational results indicating the
time variability on shorter time scales have been reported

{Agrawal et al. 1971, 1972a; Matteson et al. 1976:
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Fuligni and Frontera 1973; Frontera and Fuligni 1975a;

Nakagawa et al. 1973).

1.7:1 Short Term Variability

The first observation of short term'varlablllty,
the intensity varying by almost a factor of two over time
CScales of a few minutes in the 22.5-88.0 keV energy range, .
"was reported by Agrawal et al. {(1971). In particular, they
_ Observed a sudden drop of intensity in 22, 5~88,0 keV range
by a factor of 2 compared to average intensity towards the
end of the flight, without any associated change in the
intensity in the 88,0-154.0 keV range. Matteson et al.
- {1978) carried out a series of five balloon observations of
Cyg X-1 on June 10, 1969y July 17, 1969; September 9, 1970;

June 11, 1972 and June 23, 1972. &Among these the flux was

Q\fbund to be stable within a few ten per cent for an inte-
\gration time of over a few minutes, except during the flight
on June 23, 1972 during which the source intensity changed
by a factor of nearly two on a time scale of the order of
10 minutes. Further, on long term time scale, they found
that intensity on July 17, 1969 and Septembef 9, 1970 in
20-200 keV range was factor of six below the intensity
measured on other occasions, the lowest reported intensity
to-date for Cyg X~1 at these energies. Fuligni and

Frontera (1973) in a balloon observation of Cyg X-1 on

| July 1, 1972 detected a state of low flux at energies
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;b?tween 100-200 keV. This low state was present at the
vbéginning of the observation and lasted for about 20 minutes.
; After that the flux recovered to its normal state. However,
f'no such large scale variation was observed below 100 keV. -

A flare like event, which will be discussed later, during
the low flux state at higher energies was observed at

__energies « 100 keV,

Apart from the existence of fluctuations in inten-
i  sity of Cyg X-1 at energies 7» 20 keV, pronounced flare-like
s events of a few minutes duration, with a factor of 2 to 3
ihcrease in intensity, have also been reported during three
balloon observations (Agrawal et al. 1972a; Fuligni and

Frontera 1973; Frontera and Fuligni 1975a; Nakagawa et al.

1973). Agrawal et al. {1972a) found on April 6, 1971 that
Cyg X-1 X-ray emiésion in the 20~154 keV range increased by
~a factor of 2.3 in 2 minutes and remained at that level for
‘néxt 3 minutes, the flare event lasting about 9 minutes.

No change of spectrum was found during the flare. Likewise,
 Fuligni and Frontera (1973) observed a flare for 3 minutes

on July 1, 1972 in 20-200 keV energy range, with the inten-

sity of 20-100 keV X-ray increasing by a factor of two.
However, unlike the earlier observation, these authors
have reported a softening of the spectrum during the flare
(power law spectral index changing from 1.84 to 2.7;

Frontera and Fuligni, 1975a). The result is similar to
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that of Nakagawa et al. (1973) who in a balloon flight on
October 7, 1972 in 30-70 keV energy range. observed a
"flare-up" increase by a factor of 4 witheoé~ 2.94 and
Which lasted for a total of ~~25 minutes. The flare event,
,ﬁhus,seems to be very complex, and the presently available
Hébservational evidence is not good enough to clearly esta-

blish the exact nature of flare emission,

" 1.7:2 Transitions

First evidence for an (anticorrelated) intensity
transition at energies > 20 keV simultaneous with low
energy transition from high’ state to low state in
May 1975 was provided by Coe et al. (1976) from Ariel V
observations, comparing the data taken on May 4-10 (high
state) with that on May 11-15 {low state). They found
. that while below ~~ 7 keV the high state corresponds
to a higher intensity, at higher energies extending to at
least 150 keV, the change is in the opposite sense. Thus,
the source shows anti-correlated spectral variability at
a pivot point around 7 keV so that flux enhancement - at low
.energy (B ¢ 10 keV) is accompanied by a reduction at higher
energies and vice versa, which is consistent with the
observations of Sommer et al. (1976) and Dolan et al.
(1977a). Comparison of 0S0-8 observations on November 16,
1975, when the 23-153 keV X-ray flux showed a decrease by

almost 40%,with the Ariel V observation (Holt et al. 1976b)
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-

.nd 0S0-8 observation (Fig. 1.8 - Dolam et al,1977b) of X-ray
_flux in 3-6 ke&V range, which showed a corresponding increase,
fgupports the above conclusion. Theoretical models in which
X-ray emission is produced in a two temperature accretion
disk surrounding the secondary component of binary system
(Shapiro et al. 1976; Eardley and Lightman 1976) , predict
such a pivoting behaviour. Further extensive observations,
 however, are needed to understand this important behaviour

of Cyg X-1 source.

1.73:3 Periodicity

Even though Manchanda et al. (197l)>reported no
evidence for pulsation in their data obtained on April e,
1971, the analysis of balloon data by Bologna group
{(Frontera and Fuligni 1975b) supports a possible presence
of pulsation with 17 sec period in the 30-200 keV energy
range. The power contained in the peak showed that 10% of
intensity in 1971 and 5% in 1972 and 1973 were pulsed.
Their data also indicate that this may be due to a periodic

phenomenon, possibly powered ON and OFF on time scales of

about one hour {Frontera and Fuligni.  1976).

1.7:24 Gamma Ray Burst @andidate

At least two of the gamma ray bursts detected by

Vela satellites {on March 15, 1971 and April 12, 1972)

seem to have occurred at a location consistent with
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Cyg X-1 (see Strong 1975; Strong et al, 1975; Strong and
_ Klebesadel 1976). One of these occurred when Cyg X-1 was in
"transition from ‘high state to “low state, indicating the
. possibility of Cyg X-1 being a source of gamma ray bursts.
Recent balloon observations by Ogawara ét al. {1976) and
Nishimura et al. (1978), which included a modulation colli-
~ mator onboard; also detected few <y -ray bursts when Cyg X-1
~ was in the field of view. Even though the data from modu-
la£ion collimator onboard the balloon indicated that none
of the bursts could originate from Cyg X-1, the large
statistical uncertainties involved introduce: ambiguity.

Hence this gquestion should be considered as a still _open

guestion.

1.8 ENERGY SPECTRUM OF CYG X-~1

Since the energy coverage of the instruments for

cach observation is limited, few single spectrum obser-

vations simultaneously covering a wide energy range are
avallable at Lresent,and hence one has to essentially
reconstruct the composite spectra from different obser-
vations over limited energy bands. Fig. 1.9 {(Oda 1977 and
references therein) summarizes the availablé reéults on the
spectra. It is clear from this figure that Cyg X-1 energy
spectrum, like the intensity, shows considerable varia-
bility over all energy ranges. Major characteristics of

the source spectrum can, however, De summarized as follows:
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1.8:1 Low Energy (2-20 keV) Spectrum

a) The-observations over the low energy band~.{2~20
<eV) indicate that there are two distinctly different time-
}averaged spectra corresponding to the low and high states.
 In the low state the spectrum over 2~20 keV range is flatter
and may be represented by a single power law %%,A\zEﬁ_a%ere
’C&,is in range of 1.4 ~~1.8 {(Tananbaum et al. 1972:

- Rothschild et al. 1977; Canizares and Oda 1977; Sanford

et al. 1975 and references therein).

b) In the high state, however, the low energy

{10 keV) flux increases substantially with higher spectral
index of ~ 4.0 (Schreier et al, 1971; Heise et al, 1975;
Sanford et al. 1975) while the high energy part (}»10 keV)
shows very little change with an indication of slightly
lower luminosity compared to that of low state, indicating

a counter correlation.

c) The shape of the composite spectrum for the high
state appears to indicate that the spectrum consists of two
physically distinct components, the high energy component
and the low energy component,represented by two different

—106 "'5.0

power law spectra typically ~~1¢5 E and —~/ 300 E

photons an~? sec L kev™l. At low energies, the spectrum
" shows great variability in high state over short time
scales (Schreier et al. 1971), spectral index varying bet-

ween 2.0 to over 50, whereas it is virtually stable in
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the low state, o being rv1l.6. Whereas the above mentioned
,features are generally correct, exhibition of spectral varia-
bility from one observation to other, even during the same

state, does occur in reality.

1.8:2 High Energy {(>>20 keV) Spectrum

\ Above 20 keV, most of the investigators find power
\;aw spectra to be the best fit to their data. Below 150 ke&V,
 whereas most of the measurements yield a value of 1.8 to 2.0
for the spectral indexod , occasional departures from the
normal behaviour (see references in Oda 1977) do exist.
Likewise, primarily because of poor statistics {Bingham
and Clark 1969; Reinert 1969; Riegler 1969; Haymes et al.
1968), an exponential spectrum like ggzw/exp (—E/Eo)/E
where E_ 94 keV is also found to adequately describe

__the high energy behaviour of Cyg X-l.

With a single detector covering soft and hard X-ray

range, Baity et al. (1973) have shown that the spectral

index changes from 1,04 for E < 32 keV to 2.28 for

.

E > 32 keV. Observations by Haymes et al. {1968) and

Haymes and Harnden (1970) indicate a further steepening
of the spectrum of Cyg X-1 in the region of 100-150 keV,
the exponent changing to 3,1 above 150 keV. There is some

indication for the spectrum to extend beyond 5 MeV (Baker

et al. 1973), with a flattening (¢~ 1.5) in the MeV range.
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1.8:3 Soft X-ray (< 2 keV) Spectrum

Soft X-ray spectrum of Cyg X-~1 has been investi-
gated by Gursky et al. {1971), Stevens et al. {(1972) and
Heise et al. (1975)., The soft X-ray spectrum { 2 k&V)

. N —X - -
can be fitted by %ﬁ = AE exp (—G”NH) photons am 2 sec 1

”kévn , representing a power law spectrum at the source with
~ an interstellar absorption, whereg— is the effective cross-
f section for a mixture of the interstellar gas derived by
 Brown and Gould (1970) and Ny is the columnar density of
hydrogen equivalent to the interstellar gas mixture. The
value of N

H
1021H atom cm“z(Stevens et al. 1972; Gursky et al. 1971).

that fits the spectrum is of the order of

Two representative soft X-ray spectra, one taken by Stevens
et al. (1972) in low state (11) and the second by Heise et
al. (1975) in high state {(16), are shown in Fig. 1.9.

Search for X-ray polarigation in Cyg X~1 at 2.6 and 5.2 keV
(Weisskopf et al. 1977) during the high state has yielded

negative results.

1.9 OPTICAL OBSERVATIONS : STAR HDE 226868

1.9:1 Spectroscopy

Cyg %=1, identified with the 9th magnitude spectro-
scopic binary star HDE 226868, 1s an early-type supergiant.
It has a normal absorption-line spectrum, which was classi-

fied originally as BO Ib and later as 09.7 Ilab by
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 Walborn (1973).> The spectral type of the star may vary with
ﬁhése of binary from about 09.5 to BO, The apparent magni-
tude and colours of the star are V ='8.87, B~V = 0,81, and
U-B = -0,30 (Hiltner 1956). Absorption line velocities
have been observed in many investigations with different
spectrographs {see Bahcall 1975; Bolton 1975 and references
therein). Intermittent emission at Hg has been observed
by Bolton (1972b), while emission at H, was noted by Smith
et al. (1973), The unusual and variable emission line at
 He II A 4686 was discovered by Bolton (1972b) and it has
~been suggested (Brucato and Kristian 1973; Hutchings et al.
1973; Bolton 1972b) that the velocities of this emission
line are in antiphase with the absorption line velocities
(Fig. 1.10 from Bolton 1975). Observations indicate that
the emitter of the line is on a stream at 60° to the line
of centre of two stars. A&As seen in Fig. 1,10 tﬁere is large

scatter in the measured N 4686 line velocities. Several

authors have suggested that the emission lines may be
gravitationally bound with the secondary and originate in a
broad stream or region of matter flowing from primary

HDE 226868 onto the secondary ({(see e.g. Bolton 1975)., A

part of large scatter of measured A 4686 line velocities
as seen in Fig. 1.10 may be due to variable velocity and

location of emitting region on the mass stream.
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‘9:2 Orbital Elements

The orbital period of binary is well determined from
spectroscopic observatiors of the optical star (see e.g.
Bolton 1975) and is~v 5.60 days. Orbital elements of

the system are as follows {see Bolton 1975):

Perioca (days) 5.599824 + 0,000037

Epoch- for phase O 1556.46 + 0.16
{(JD 2, 440, 000+)

Superior conjunction (X-ray . 1561.22
companion behind B star)

Inferior conjunction 1558, 24

Amplitude of velocity 724271 0,8
variation K{km sec™)

e 0.06 + 0,01

W 330° + 10°

a Sin i {10 m) 5.549 + 0,061
Inclination 1 27°

Mass function f£{(M) 0.217 + 0,007 M_

~ 1.9:3 Dpistance

Various investigators {(Walborn 1973; Margon et al.

‘» 1973; Bregman et al, 1973) have estimated that HDE 226868 is
at a distance of ~v 2.5 kpc, based on the absolute magnitude
Oof primary derived from its spectral type, an estimate of
interstellar reddening in the direction of star and consis-~

tency arguments involving other effects of interstellar

 medium.
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1,934 Light Variations

Small amplitude light variations with the 5.6 day
binary period, were discovered in 1972 (Lyutyi et al. 1973;
Walker 1972 and Lester et al. 1973). From various studies
carried out so far (Hilditch and Hill 1974; Lanning 1975;
Walker and Quantanilla 1974, 1978; Lester et al. 1976),
the light curve is found to be double sinusoidal with two
unequal maxima and minima per orbital period, generally
attributed to changes in aSpect.of a distorted luminous
primary.

Evseyev et al. (1974) have searched for super-rapid
time variations in the range 1074 to 3 sec and have put an

upper limit ef 0,03 on the amplitude of such variations.

On the other hand, Auriemma et al. (1976) have reported

modulated optical emigsion with an anplitude of a few per-

cent and a pericd of~~ 83 milliseconds as transient events,

from two observations made with the 91 am Catania Astro-

physical Observatory. The observation on June 11, 1975

yielded a pulsation period of 83.531 * 0,008 milliseconds

which lasted for~~10 minutes. ©On July 18, 1975 several

events occured in span of ~~ 1 hour with periods ranging

between 83,6 837 milliseconds. 1t is argued that the

modulated component superimposed on the bulk of luminocsity

from the supergiant may be generated by instabilities in

"spoté" in the accretion disk. However, Robinson et al,
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,(1978) have found no evidence of such pulsation in 90 hours
of 10 minute long individual light curves, spaced over 65
'nights in September to November 1976 and in May to October
51977. It is not clear whether the absence of pulsation by
;the latter authors is due to change in properties of Cyg X-~1
-]'between 1975 and 1976, or the periodicities detected by

Auriemma et al. were spurious.

1.9:5 Polarization

A large average linear polarization (~v5% at 5000 A )
of HDE 226868 has been reported (Hiltner 1956; Gehrels 1972;

Coyne et aly 1974 ), This is primarily due to the interstellar

dust and is consistent with the estimated distance of ~~

2 kpc.

A search for 5.6 day period in the optical polari-
sation of HDE 226868 (Nolt et al. 1975; and Kemp et al.
19 has revealed a stable polarigzation variation in the

V band which is synchronous with the 5.6 day orbital
period, having a double sinusoidal curve with a dominant
second harmonic (2.8d). The peak-to-peak amplitude of this
variation is~ 0.25% and it is largely in the position-
angle Stokes ,parameter and shows marked wavelength depend-
ence; its amplitude in ultraviolet being at least a factor
of ~02 lower. This group has also found (Kemp et al. 1977)
a new 39 day periodicity in the linear polarization of

U band light for HDE 226868, which is about seven times the
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5,6 day orbital period of binary system, Based on this

result Milgrom and Shaham (1977) have produced a model

__for Cyg X-1 involving a three-body system in which the

third component is in a 39 day orbit about the 5.6 day
X-ray binary system. However, Walker et al. (1977) have
failed to observe such a periodicity both in the 349 nights
of B band optical data obtained during 1972 - 76, and in
the X-ray data from Ariel V taken over 590 days which

included both high and low states.

Observation of circular polarization of HDE 226868
in 1974 by Michalsky et al. (1975a,b) showed that it has
both constant and variable components. The constant part
is believed to be interstellar circular polarization where-
as the time varying part of the circular polarization
appeared to vary synchronously with thé 5.6 day period,
thus suggesting an intrinsic mechanism. This varying compo-
nent had double sinusoidal curve similar to the blue
intensity variation and the largest component of variation
was at 2.8 day period. However, later observations
(Michalsky and Swedlund 1977) in 1975 showed largest
varying component at 5.6 day. The various results on
periodic variation of polarization of HDE 226868 are thus
still not consistent and hence require further obser-

vations.
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1.10 RADIO OBSERVATIONS

| Radio observations of Cyg X-1 from 1970 to 1975

have been made by Hjellming and Wade (1971), Hjellming
(1973), Hjellming et al. (1976), Hjellming (1975) at

2695 MHz and 8085 MHz using NRAO radio interferometer, and
by Braes and Miley {1971, 1972) at 1415 MHz using Westerbork
synthesis radio telescope. The NRAO observations from 1971

to 1975 are summarized in Fig. 1.1l (Hjellming 1976).

Prior to March 1971, the radio emission from this

source was below the upper limit of 0,005 flux units.
Observatiors beyond April 1971 showed an unresolved radio

source at the position of Cyg X-1l. This sudden appearance

of radio source was correlated with a drop in 2~6 keV

intensity which led to the optical identification of

Cyg X-1, as mentioned earlier. Since then Hjellming (1976

has monitored the source at 2695 and 8085 MHz upto October

1975, which is shown in Fig. l.11. &fter the initial

appearance of the radio source, the dominant characteristic

of the Source has been continuous presence of a flux at,

on the average, 0.015 £lux units level., Except for occas-

ional fluctuations about the mean level, no major change in

radio flux from this mean was reported until May 1975, No

binary periodicity was evident in the fluctuations about

the mean level., Coincident with the May 1975 increase of

low enhergy X~ray intensity, however, the radio flux also
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iﬁcreaSed, which was in contrast to the apparent counter-
Trrelation of the radio and X-ray intensity during the
9MarCh 1971 transition. The mean level for the period of
‘:éy 9 to May 20 was 0.031 flux units at 8085 MHgz and 0,02
'flux units at 2695 MHgz, sometimes reaching value of

0;045 flux units at 8085 MHz. Further, the major character-
istic of Cyg X~1 radio source between March 31, 1971 and
April 1975 was a flat radio spectrum, that is, a spectral
index of~ 0.0. However,during May 1975 increase. the
,Speétral index increased to ~~ 0,31 implying that if radio
: emission mechanism is thermal, the source has become opti-
 cally thicker.

The May 1975 increase was followed by a rapid decay
to only slightly above normal level at 8085 MHz and a slow
decay at 2695 MHgz, as shown in Fig. l.11. The data during
September-October show that radio source continued to be at
normai or only slightly above normal flux level upto
October 1975. The decay of Cyg X-1 radio source during May-
June 1975 was qualitatively similar to decay seel at X-ray
wavelength during this period. The general indication is
that low state is the normal state and high state is
a transient enhanced or unstable state. Attempts to observe
a pulsed radio flux from Cyg %-1 have been made by Downes

(1970), Mohanty et al. (1971) and Taylor et al. (1972) and

have not yielded any positive results,
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1,11 AIMS AND OBJECTIVES OF PRESENT INVESTIGATIONS

From the above discussion of presently availlable
information regarding emission characteristics of Cyg X~-1
at X-ray energies, it is clear that Cyg X-1 has peculiar
eratures in its X-ray emission, in several respecﬁs, and a
clear, coherent picture of its emission characteristics
{specially at energies > 20 keV) is yet to emerge because

of complexity of source characteristics. The investigations

of X-ray emission characteristics of Cyg X-1 assume greater
importance because of the possibility of this emission
coming from a region near a black hole, because such studies
will give us clues to the understanding of the physical
characteristics of accretion disks surrounding black holes
and the behaviour of matter around black holes. Theoretical
models of Cyg X~1 X-ray emission, based on accretion disk
around black hole, possess certain characteristic time
scales and predict various kindsof instabilities {(Pringle
et al. 1973; Lightman and Eardley 1974: Shibagzaki and

Hoshi 1975; Thorne and Price 1975; Shakura and sunyaev
1976), which allow us to compare the observational results

with various models and to discriminate between them, so as

to arrive at an appropriate model describing the behaviour

of matter around pblack holes. For example, the shortest

time scales on which the source intensity is found to vary

may be related to the physical nature {e.g. plasma
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 characteristics, nature of black hole and structure of binary
system) of innermost domain of plasma disk swrounding the
black hole, and the study of energy spectrum and variability
is likely to give us clues to the structure of accretion
 disk and properties of plasma around the black hole and their
temporal behaviour. Similarly, long term variation of flux
and energy spectrum may be assoclated with instabilities in

plasma disk surrounding the black hole,

While detailed information regarding variability of
source intensity and energy spectrum is now avallable in
220 keV energy range through satellite observations,
similar data at high energy are still very fragmentary and
insufficient to attain a coherent picture of source emission.

There are pieces of evidence for time variation of the hard

component of X-ray flux but no concrete information is yet.

available regarding short term variability of energy
spectrum at these energies. It 1is clearly very important to
extend studies of source flux, energy spectrum and their
temporal properties to higher energies to get an overall
picture of the source variability at all energies, which can
throw more light on nature of the source. Further, the
shape of energy spectrun specially at energies 2> 40 keV,
where not many statistically good measurements are avail-
ablé at present, is important for discriminating between

various theoretical models (see for example, Thorne and
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Price 1975). Similarly, no direct information is available
regarding high and low transitions of source intensity at
high energies, though there are pieces of evidence to sug-

gest that source shows anti-correlated variability at

energies > 20 keV, Confirmation of the existence and

nature of two states is very important for understanding

the instabilities giving rise to such transitions.

The objectives of observations described in this
dissertation were to improve the intensity and spectral
measurements and their long and short term variability at
energies » 20 keV. This reguired significant improvements
in X-ray telescope sensitivity (and less cosmic-ray pro-

duced background by making observations from a location

near the geomagnetic equator) and long observations of the
source with extremely good exposure efficiency. The obser-
vations presented here were obtained from balloon borne
telescopes, using scintillation crystals as basic X-ray
detectors, which are described in Chapter II. 1In

Chapter III, the data acqguisition system, telescope

controls, aspect determination, and other aspects Of

instrumentation are briefly summarised. This is followed,
in Chapter IV, by a brief account of mathematical and com-
putational techniques used to retrieve necessary infor-

mation Erom data collected.
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Observational programme of different flights and
 results obtained from these exﬁeriments are described in

_ Chapter V. The implications of these results in relation
to X-ray emission characteristics and models of Cyg X-1 are
wdiscussed in Chapter VI. In this chapter we have compared
the results obtained in our observations with both low and
high energy observations obtained by other workers and have
tried to give a description of X-ray emission to arrive at
the total picture of X-ray emission characteristics of

Cyg ¥-1l. Various models proposed for explaining the emission
of X-rays in Cyg X~1 are then described:and 'discussed in the

light of totality of the observations.

The thesis concludes with a discussion of effect

of X-ray sources on night time D-region of ionosphere in

Chapter VII,



CHAPTER = II

X-RAY TELESCOPES AND THEIR CHARACTERISTICS

2.1 INTRODUCTION : BASIC REQUIREMENIS OF A BALLOON BORNE

X~RAY ASTRONOMY EXPERIMENT

b)

Two fundamental requirements thatgowvern the basic

f_design of all non-focussing X-ray astronomy telescopes are:

a) &n efficient X-ray telescope, to. detect. the X-ray

photons and convert them into electrical pulses and
a collimator, to limit the field of view of the
detector to a small region of the sky. The tele~-
scope should,Ain,addition‘;have.a_charged

particle shield surrounding the detector to reduce
the unwanted X-ray background produced by cosmic ray
charged particles through thelr interaction in the

material surrounding the detector.

A system to carry the detector to the top of the
earth's atmosphere, to limit the absorption of
X-ray photons in the atmosphere above the detector
as much as possible. Any such platform (balloons,
rockets or satellites) must incorporate attitude
measurement devices and suitable orientation
equipment to point the telescope in the desired

direction.
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The observations {(in the energy range ~v20-200 keV)

Eorne X—ray‘telescopes. Since the X-rays of energy > 20 keV
één penetrate 3-5 ¢ cm"2 of residual atmospheric depth, |
sﬁratospheric balloons can be conveniently used for investi~
*gaﬁions in this energy range. In addition to providing a
} large welght carrYing capability, such balloons also provide

 a much larger observation time {~2-4 hours) compared to

rockets {~ 10 minutes).

In addition to the above mentioned basic require-
5{ ments of a X-ray astronomy experiment, the following consi-~
derations are of importance in designing a ballooon-borne

X~ray astronomy instruments:

a) Periodic monitoring of the intensity of the X-ray
background.

b) Periodic checking and calibration of the detector
and its assoclated electronics.

c) Continuous measurement of the balloon altitude

during flight, with an accuracy of at least

0.1 g cm“z, to correct for attenuation of X-rays in

overlying atmosphere.

d) Appropriate insulation of the instrument against

low temperature environment in the troposphere.
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2.2 INTERACTION OF PHOTONS WITH MATTER

The detection of X-ray photons is an indirect pro-
cess which utilizes the property of their interaction with
matter. In the X-ray energy range the photon wavelength
being comparable to or less than the interatomic spacing of
solid materials, the principal interaction is with indivi-
dual atoms and their constituents rather than by processes
such as reflection and refraction which involve large scale
or coherent effects (Grazing-incidence reflection at low-
energies, 7\2%32 ., depends on the wavelength encompassing
many lattice planes when projected tangentially onto a
solid). Coherent photon scattering entails virtually no
loss of photon energy nor does the process result in a
fast secondary electron. The only processes of importance
for the detection of the incoming photon are those in which
the photons are absorbed or scattered in single events.
Three principal interactions which the photons in the high

energy radiation encounter ares
1. Photoelectric absorption by the entire atom

2. Compton scatterng on the individual bound electrons

of each atom

3. Positron-electron pair production in the Goulomb

field of the nucleus.

Unlike charged particles, which lose ehergy conti-

nuously by ionisation and therefore have a definite range,
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a well collimated beam of photons undergoes an exponential
attenuation in passing through matter. This is because

the photons are eliminated from the beam either due to a
catastrophic loss in a single interaction, by photoelectric
effect or pair production, or scattered due to Compton scat-
tering. The absorption of X-rays is expressed by the

relation :

o1 o (M pox (2.1)

o
where Io is the incident flux, I is the flux remaining after

2 thickness and /4/ P

traversing material of x g cm
{cm? g—l) is the total mass attenuation coefficient of the

medium,

The mass attenuation coefficient (lﬁ/f) is made up
of three different parts { /lf/U°>, (LIC/J)) and </J*%7&3,
corresponding to each of the three processes of high energy
photon interaction with matter listed earlier. For'pho—
tons of energy<i 1.02 MgV, pair production is unimportant,
The relative importance of photoelectric absorption and
Compton scattering depends upon the energyof photons and
the atomic number of the medium through which they propa-
gate. Extensive literature (see e.g. Price 1964; Evans
1955) is available in this area. Fig. 2.1 summarises the
results and shows photoelectric attenuation coefficient,
Compton scattering coefficient, Compton absorption coef-

ficient. total Compton coefficignt,and total
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attenuation (sum of photo-electric, total Compton and pair
production) and absorption coefficients {photoelectric +
Compten absorption + pair production) for NaI, the detector
used in the present experiments, in the energy range

0,01 to 100 MeV, It is seen that for Nal, in low energy
range, below ~v300 keV, photoelectric absorption is the

most important process and from 0.3 MeV to ~~ 3 MeV, Compton

scattering is the dominant process of photon absorption.

2.3 CHOICE OF THE DETECTOR

Since,both from the point of view oOf scintillation
efficiency and decay time, Nal is superior to CsI, NaI (T1)
crystal has been chosen as the detector element. The

detector is coupled to a matching photomultiplier tube with

S-11 response to get the maximum signal output. The light
pulse output from the photomultiplier has‘ar\z6o n sec rise
time and a decay time of ~ 250 n sec. The pulse height is

. linear within 12% between 20 and 150 keV. Self-absorption
in the crystal is negligible and scintillation efficiency
is only weakly dependant on temperature, the light output
dropping by about 20% when the temperature is lowered f£rom

+ 50°C to -50°C. The mass attenuation coefficient for

NaI (T1) crystal for different energies is shown in Fig.

2.1,
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2.4 ENERGY RESOLUTION IN A SCINTILLATION SPECTROMETER

It is well known that the processes occuring in a
scintillation spectrometer, starting from energy loss in
_the crystal to the final pulse output at photo-multiplier
"éhOde, are subject to systematic and statistical véri—
ations. Consequently, the scintillation spectrometer rend-
oers an incident "monochromatic lihe" in the form of a broad
pulse height distribution. It is necessary to have a clear
understanding of the shape and width of the pulse height
distribution of the system for a gquantitative interpretation
‘\\of the data. The shape and width of this distribution depend
upon many factors such as detector geometry, uniformity of
photocathode response, dynode structure etc, and hence have
to be evaluated for each detector system. The FWHM of the
detectors used in the present investigaticn were evaluated
both theoretically and experimentally from the detector
response to radioactive sources. Detailed analysis of the
same is given in Appendix 1.

2.5 GENERAL CRITERIA IN THE CHOICE OF DETECTOR DIMENSIONS

AND DESIGN OF ANTICOINCIDENCE SHIELD AND COLLIMATOR

In order to improve the sensitivity of the tele-

scope to a point source, it is essential that background

counting rate of the telescope should be as low as possi-

ble to enhance the signal to noise ratio of the detection
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ystem. Background counting rate of a X-ray telescope is
determined largely by the radiation ernvironment of detector
uring observation. At balloon altitudes, the background

primarily consists of the followings
a) Diffuse cosmic X-rays

b) Atmospheric XQrays generated by cosmic rays through

electron photon cascades in atmosphere
¢) Primary and secondary cosmic ray charged particles
d) Y -rays and neutrons produced in the atmosphere,
and

e) X-rays and Y -rays produced in the local material

around the detector by cosmic ray charged particles.

Of the five sources mentioned above, charged parti-

cles passing through the detector pose no problem in

being discriminated since they deposit ~1.3 MgV of energy

per g cm'—2 of Nal, and therefore can be rejected by an

upper level logic threshold. Neutrons mainly suffer inela-

. stic collisions with iodine and sodium nuclei, causing

their disintegration. Since a number of heavily ionizing

particles are released in each such interaction, the neu-

tron induced events can also be discriminated easily.

Gamma-rays produced in the atmosphere and in the local

material around the detector by cosmic ray charged parti-

cles contribute most to the background counting rate of



- 58 -

the telescope. Since the ¥ -ray produced background depends
on the size and thickness, it can be minimised by choosing a
low thickness for the detector, consistent with the require-
ment of high detection efficiency for X-rays under study.
aIn‘the present investigations 4 mm thick Nal crystal was
Lchosen which has efficiency close to 100% for X-rays of
“éﬁéfgy upto 80 keV and above 50% for X-rays in 100-150 keV
Dfange.

The background counting rate of the detector due to
éosmic and atmospheric X-rays is proportional to the solid
angle of the detector. Therefore, it is necessary that the
opening angle of telescope should be kept as small as pos-
sible to minimise the contribution of the isbtropic back=~
‘ground. This is done Dby restricting the forward aperture
of detector by a collimator, which absorbs X-rays outside
 the defined aperture. In addition, the detector assembly
is surrounded by a passive shield to protect it against
~rays leaking from the sides and

high energy X-rays and Y

rear of the detector. Shielding and collimation is provided

by a combination of ngraded" absorbers, tightly fitting one

over the other, which have the property that valleys in the

absorption just below K-edges of one are covered by the

strong apsorption above the K-edge of the adjacent material.

In addition, it 1s necessary to use active shielding

to minimise the contribution from the cosmic ray charged
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‘particles which produce X-rays when they interact in the
local material around the detector. A plastic scintil-
lator of thickness about 1.5 am acting in anticoincidence

with the main detector has been used as an active shield.

2.6 X-RAY TELESCOPES FOR DIFFERENT EXPERIMENIS

, 2-6=1 X-ray Telescope for March 29, 1972 Flight

| Present observations were carried out in the energy
range ~ 20-150 keV. The lower energy limit is imposed by
the absorption of X-rays in the atmosphere, the grammage at
typical balloon height being 4=5 g cm—z. Upper energy
 limit is essentially set by low X-ray flux due to the steep
spectrum of X-ray sources in relation to the background

counting rate.

Schematic diagram of the X-ray telescope used in
the March 29, 1972 observation’ is shown in Fig. 2.2. The
X-ray detector was a 10 cm diameter, 4 mm thick Nal (T1)
crystal with a .032" aluminium radiation window. The
crystal was viewed by a 5" R.C.A. 8055 photomultiplier tube.
The crystal was covered by a 9.5 mm thick quartz light pipe,
to minimise theeffect due to non-uniformity in the photo-
cathode response and to protect the detector from beta and
gamma radiation from K4O,contained as an impurity in the
glass envelope of the photo-multiplier. The crystal

assembly was coupled to the photomultiplier tube by means
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\Of gilicone optical cement (Dow Corning 20-~0057). The photo-
multiplier tube was shielded from external magnetic fields
by a mu-metal shield. The entire detector assembly was
covered on sides and bottom by a graded shield composed of
1.5 mm of lead, followed by 3 mm thick tin and 0.5 mm thick
copper, to reduce the background contribution. The detector
assembly with the passive graded shield was further enclosed
in a 1.5 cm thick NE-102 plastic anticoincidence scintil-~
lator, viewed by a 5" R.C.A. 8085 photomultiplier tube, as
Qshown in Pig. 2.2. The scintillator was wrapped on all
sides with an aluminium foil of high reflectivity to incre-
ase +the light collection efficilency. The forward aper-
ture of the detector was defined by a collimator of brass

and lead having a FWHM of 18.8° as shown in the figure.

1973 Flight

2.6:2 X-ray Telescope Of January 18,

Schematic diagram of the X-ray telescope used in

January 18, 1973 observation of Cyg X-1 is shown in Fige

. 2.3. This telescope differed from that used in March 29,

namely the bottom of the

1972 observation. very slightly,

Nal crystal was not covered by passive graded shield and

as the contribution of particles and

plastic scintillator,

photons entering from rear of the detector was found to be

negligible. Further, the passive shield extending above

the detector was found to be adeqguate to provide appro-

. o
priate collimation to X-rays with a FWHM of 13,57 and
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hence an additional collimator was dispensed with.

2.6:3 X-ray Telescope of February 11, 1975 Flight

The X~-ray telescope for this flight consisted of
Ehree NaI (Tl) crystals to provide a large area. First two
detectors were of 10 cm diameter and 4 mm thickness each, and
the third detector was of 12.5 am diameter and 1.25 an thick-
_ness. All the three crystals had .032" aluminium radiation
Qindow. Each of the three detectors was viewed by a |
' 5"'R-C.A. 8055 photomultiplier tube and output of the three
were monltored independently. No active anti-coincidence
' shield was used in this telescope as the large welght and
the considerable complexity involved in encasing this large
detector assembly in a plastic anti-coincidence well was not

justified by the amount of background rejection obtainable

by using it. A honeycomb collimator made out of hexagonal
tubes of tin (4 mm) and copper (0.5 mm), having a length of

15,4 cm and area 41.5 cmz,was used for defining the forward

aperture of the telescope to 13.5O FWHM, All the three

detectors and the collimator were enclosed in passive

graded shield of lead (2 mm), tin (3 mm) and copper (0.5 mm).

2.7 PHYSICAL PROPERTIES OF THE DETECTOR

2.7:1 Efficiency

The intrinsic efficiency of a counter i.e. the

probability of the photon passing through the window and
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getting fully absorbed in the crystal is given by

E(r) = J?,)(,{D i’— }JLLO (B) dwl&’“ QX‘D(AHC(E)AL)]

where ﬁkuland ykcare the mass attenuation coefficients of

1

the window and crystal material respectively in émzvg_ and

dw and dC are the thicknesssof window and crystal material

\\respectively ing cm-z. The computed values of the trans-
 mission factor of .,032" thick aluminium window used pre-
sently and the detection efficiency of 1 mm, 4 mm and 1.25
am thi¢k NaI (T1l) crystals for various énergies is plotted
in Fig$ 2.4. It is seen that at lower energies, the
entrance window limits the transparency of photons for
detection in the crystal. Also, for 4 mm crystal, detect-
ion efficieéncy given by continuous curve is almost 100%
upto 70 keV and then starts dropping slowly with increasing
photon energy. It falls to 90% at 100 keV, 50% at 150 keV

and only 36% at 200 keV.

However;. it should be noted here that the
detection efficiency shown by continuous curve gives
only the probability of detection of a photon of energy E,
irrespective of what the energy of detected photon will be.
Due to the escape peak effect (which will be discussed
fully in next section), an X-ray photon of energy E keV
‘may be detected as a lower energy X-ray of (E - Eg) keV

where E,, is the energy of iodine K-flourescent X-ray.

K
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In order to evaluate the probability C (8) that a photon

of energy E will be detected with its full energy, £ (E)
should be corrected for the escape probability (Stein and
Lewin 1967) of iodine fluorescent X-ray. The corrected

efficiency is shown by dashed lines in Fig. 2.4.

2.7:2 Fluorescent X-ray Escape Effect

Due to the escape effect, the incident photon
'spectrum is distorted. The necessity of correcting for this
effect has been shown by Stein and Lewin {1967). In this
section we will calaulate the X-réy escape probability from
Nal crystals used in present experiments. The escape proba-
bility depends upon the geometry and dimensions of the
crystal used., Since the probability of ejecting photo-
electrons from L shell in NaI is only 10%, L X-ray escape
effect cén be neglected in Nal and it is necessary to only
consider K X-ray escape. Liden and Starfelt (1954) have
given comprehensive treatment of calculation of escape
probability for a crystal whose linear dimensions perpendi-
cular to incoming X-rays are large compared with the mean
free path of K X-ray iodine. In this case we can calculate
the relative number of X-rays being photoelectrically
absorbed at a given depth. Of these interactions 8 K take
pPlace in the K-shell and of that fraction the fluorescence

yield QQ)K is the probability that the atom relaxes by

emitting a K-shell X-ray. Assuming isotropic emission
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We’can integrate the penetration probability of the K-shell
X-ray over the vafiable path length to escape the detector,
f P is the probability that an incident photon will give
riSe to a K X~-ray photon which escapes from the detector
with energy Ep, then P is given by the equation {Overbeck
1968)

P(E) =|

Ko — MX - X
dJL)UQ,x 5 [ M(x)

O

15
by By (M > e G B *ﬂ

-2

_where Xo = thickness of crystal in g am
total absorption coefficient of crystal in cm? g_1

A
\ o
~and B, ()= & o 4k

]

L t |
We have calculated P (E) for K. and KB fluorescent

X-fays in Nal (T1) crystal for values of E ranging from EK

to 200 kev. If‘% and S‘ are fractions of K X-rays which

. are %y and K@ X—rays respectively, then escape proba-

bility for K and K(; X—rays,E;((E) and.PG (E), are given |

by
ﬁx~(E) = —PK '¥%< (E)

P, (E) (E
o )CG?K@ )

_ and total K X-ray escape probability is

PK(E)= gkbgPKX(E>+ £%>Fk@ (E)

i
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fValues of various physical parameters used in the calculat-

ions relevant to sodium iodide crystal are

,EQK = fraction of photoelectric processes taking place in

K-shell = 0,875

Wy, = K-fluorescent yield of iodine = 0.84
Kot = 32.5 keV
By = 28.6 kev

n\}k- **-(EK ) = 6eb62 cm2 g—l
Mk -)\(E K B ) = 4,66 an’® g1

fraction of K X-rays which are

~
-
i

Kc< AX-rays = 00,7937

= fraction of K X-rays which are

“p

I

K@’ X-rays 0. 2063

 The resultsof the computations carried out are shown in
’Fig. 2.5, It 1s seen from this figure that total K X-ray
escape probability for incident photons of energy 33 keV
is ~~23% which is a significant fraction and hence should
be considered in deriving the true spectrﬁm of incident
 radiation¢ The computed escape factors have been used for
Correcting the observed spectrum of cosmic X-rays to get

the true incident spectrum, as described in Section 4.4.
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7.8 RESPONSE OF CRYSTALS TO X~RAYS ¢ LINEARITY AND

RESOLUTION

Response of crystals to X-rays was experimentally

determined by exposing them to radiocactive sources Am24l and

Cdlog. Both Am241 and Cdlo9 produce two prominent'x—ray
lines at effective energies of 16,8 and 59.6 keV and

:f22.5 keV respectively. In each case, detector response was
determined by feeding the amplified detector pulses to a
laboratory multichannel pulse height analyser. A typical
pulse height distribution obtained by irradiating the first
detector of February 11, 1975 observation by these sources
is shown in Fig. 2.6. It is seen from the figure. that the
detector response is linear, within. the experimental
uncertainty, . over the energy interval 17-90 keV. The
resolution of the counter defined in terms of FWHM (see
Appendix I) is 47.0% at 16.8 keV, 32% at 22.5 keV, 20.0% at
59.6 keV and 17.0% at 87.5 keV, for this detector, For
other detectors resolution at 59.6 keV varied between
(20.0-26,0)% and at 22 keV between (32,0-41.0)%. From the
experimentally measured values of FWHM, we have deduced

2435
energies. Variation of g™ as a function of photopeak

g (i FWHMj> of photopeak for X-ray lines at various

energy E is shown in Fig. 2.7. It is seen that slope of
1
the best fit straight line to data points is close to E 2

dependence pointed out in Appendix-I. The standard
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deviation for 16.8 keV X~ray line of Am24l appears to be

considerably more than that expected from the straight line

fit to the data. This is due to the pPresence of multiple
241

lines in the Am source at this energy, which considerably

broadens this photopeak. Therefore in general we have
o4
0~ = KE

These experimentally measured values of exponent

of E and constant K were used for correcting the observed

ellergy spectra of X-ray sources.



CHAFPTER IIT

DATA ACQUISITION AND TELESCOPE CONTROLS

3.1 INTRODUCTION

In this chapter we briefly describe electronics and
other associated instrumentation used in present experiments.
Essentially, they consist of pulse processing circuits for
carrying out pulse height.analysis of genuine X-ray counts
and orientation, control and attitude determination circuls--
try. The pulse processing circuitry consisted of amplifiers
and pulse shapers, an anticoincidence switch to reject back-
ground counts and an onboard pulse height analyser ﬁo derive

energy information,

The orientation system used to stabilise the tele-
Scope and to point the telescope in the desired direction
was based on the principle of azimuth stabilisation using
earth's magnetic field as a reference. The direction of the
telescope was defined with respect to horizontal component
of earth's magnetic field and any deviation from the
- required direction was sensed by a flux gate magnetometer
and the corresponding error signal was fed to the servo
motor which corrected the telescope direction by rotating
the circular platform. The detector background was moni-

tored by periodically orienting the telescope in a direction



where there are no known X-ray sources, using an onboard
timer., The X-ray source under stﬁdy was tracked for a long
~time by changing the zenith angle and azimuth angle of the
telescope at a predetermined rate, using an onboard program-

mer. An independent magnetometer was used to check the

working of the orientation and tracking system. The detector

system, in addition, had provision for onboard calibration

of the detector,

The pulse height analyser information as well as

other house-keeping information were continuously trans-
mitted to the ground using standard IRIG FM/FM telemetry

system,

Extensive laboratory tests were performed on all the
individual electronic systems and the X-ray telescope to
test their ability to withstand the space environment., All
the high voltage points were potted with silicone rubber
compound to prevent corona discharge effects., In addition,
the entire payload assembly was thermally insulated to
protect it from outside low temperature during flight., The
temperature inside the experiment housing was monitored by

a suiltable thermograph,

3.2 PULSE PROCESSING CIRCUITRY AND PULSE HEIGHT ANALYSER

A block diagram of pulse processing circuitry for
the actively shielded X-ray telescope used in March 29, 1972

and January 18, 1973 observations is shown in Fig. 3.1. It
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consists of various amplifiers for amplifying the output of
Nal crystal and plastic scintillator, an anticoincidence
switch to reject those events in the main Nal crystal which
are accompanied by an event in the plastic scintillator and
a pulse height analyser for energy classification of the

events,

The negative pulses from the anode of photomultie-
plier of the main detector (with a rise time of ~v1. 2 sec
andrxtl}l sec width) and the plastic scintillator are ampli-
fied and shaped in the charge~integrating preamplifiers,
mounted close to the photomultiplier tubes. to reduce pick up
noise and to avoid charge division over cable capacitance.
The positive pulses from the main detector bre-amplifiers
with about .4 llsec rise time and ~+/7,0 M.sec width are fed
to a linear amplifier with high negative feedback, to
achieve gain stability. These pulses from the main detector
are then delayed by ~s 0,4 Msec, using a lumped constant
delay line, ang further amplifieg before being applied to
the ahticoincidence switch. The bulses from different pre-
amplifiers of anticoincidence plastic scintillator are
Mixed, amplifieq and shaped using a conventional Schmidt

trigger before applying to the anticoincidence switch.

The output of the anticoincidence switch is fed to a
eight channel pPulse height analyser. Pulse height analysis

wWas accomplished by using nine thresholg discriminators
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" D. to D.,. which consist of high gain differential compara-

1 9
tors whose reference voltages were adjusted by giving appro-
priate D.C. bilas for different energy levels,viz. 20-=30,
30-40, 40-50, 50-60, 60-75, 75-90, 90-120 and 120-150 keV
for January 18, 1973 flight. In March 29, 1972 flight
60-75 and 75-90 keV channels were combined and an additional
sum channel of 30-60 keV was provided for redundancy. The
output of éach energy channel was suitably scaled down and

fed to long time monoshots. The outputs of these monoshots

were used to modulate the subcarrier voltage controlled

oscillators and transmitted to the ground.

In the February 11, 1975 experiment, which did not
have anticoincidence, each of the three detectors was pPro~-
vided with completely independent amplifiers, pulse height
analyser, EHT supply and independentrdéta channéls in the
telemetry. The output pulses of the three detectors were
separately amplified and pulse height analysed into 6 energy
channels, viz, 30-45, 45-60, ¢0-75, 75~90, 90~105 and

105-120 keV,

3.3 ORIENTATION, TRACKING AND ASPECT SYSTEMS

3.3:1 Construction of the Orienter

The payload was constructed in two parts -~ an outer,
non-oriented part attached to the load line and an inner
orientation platform, on which the telescope along with

aspect sensors was mounted and which could be rotated
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_ with respect to the outer platform. The EHT for the photo-
multiplier tubes and Q amplifiers were mounted near the base
of the telescope housing., Rest of the systems like linear
amplifiers, pulse height analyser, V.C.O.'s, transmitter
batteries and servo controls etc. were mounted on the base

of outer frame,

The telescope was gimbal mounted +to enable the
assembly to freely rotate about both agzimuth and elevation,

and servo controlled +to pin-point in the Pre~-programmed

azimuthal directions. The construction of the orienter and
the full payload is shown schematically in Fig., 3.2. The
telescope housing is supported by non—magpetic stainless
Steel shafts, passing through ball bearing Bl} in an inner
rectangular frame IF made of aluminium channels. This

frame is supported by stainless steel shafts, passing through

ball bearing. B2,in a L shape support, which is fixed on two

pillars P. The pillars, also made of aluminium channels,

are fixed to a rectangular lower frame LF which is fixed
to the outer frame OF and tied to the balloon through a
rOpe. Lower end of the telescope housing carries a non-
Magnetic stainless steel rod R aleng its axis, which fitg
into a self aligning mounting with ball bearing B3 in the

'U' shaped mount p on a circular oriented platform CP, The

zenith angle of the telescope can be set to any desired

value by moving the mount on @ worm gear, along a radius

Of the circular platform, The circular platform is
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mounted through thrust bearing THB, supported by cross bars,
on to the square shaped outer frame. Orientation of the
telescope in azimuth i1s achieved by servo control of the

circular platform. As the circular platform goes through

. a complete rotation,the telescope scans all azimuths, but

the inner frame supporting the telescope executes only an
oscillatory motion., The absence of relative motion between
the telescope and base allows power and signal cables to be
taken directly from the detector to the circuits in the
base. Signals to and power from the electronics on the
circular platform are taken through wires which pass through
a deep groove made in the circular platform shaft and sold-
ered at the other end to phosphor-bronze slip rings, which
are mounted on the shaft with proper insulation in betwecn.
The cylindrical carbon-bronze brushes BR are used for
making contacts with the slip rings. Each slip ring is
swept by two brushes, one on each side, connected in paral-

lel to ensure reliable contact,

3.332 Servo System

The block diagram of the flux gate magnetometer
controlled servo system is shown in Fig. 3.3. The circuit
diagrams for the magnetic sensor, motor control circuit
and motor drive circuit are shown in Fige 3.4, 3.5 and 3.6
respectively. Servo system uses a null sensing reference

flux gate maghetometer to maintain a given azimuthal angle.
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‘The magnetic sensor output depends upon its orientation
with respect to the horigzontal component of the magnetic
fields, It gives a zéro output voltage when its axis is
parallel to the E-W line, but a D.C, signal (error signal)
appears when it deviates from it. The magnitude of this
HD.C. voltage is propértional to the component of the mag-
netic field along the axis of the coil and is elther posi-
tive or negative depending upon the sense of displacement

(towards N or s).

303:2,1 Motor Control and Drive Circuit

The output of the magnetic sensor, which indicates
the degree and direction of displacement of the circular
platform and the telescope from the required azimuthal
‘angle, acts as an error signal for the servo system., This
signal, after amplification, is fed to the Servo motor con-
trol circuit via a timer motor (Fig, 3.5), which controls the
look direetion of the telescope and acts as an onboard pro-
grammer. The sequence of observational brogramme involved
9 Sequence of three different Observations for fixed time
durations. These were, observation of the source for 200
SeCc, measurement of background by locking the telescope
in a direction 180° away from source direction for the next
75 sec, followeq by 25 sec inflight calibration of the
detector system by continuously rotating the circular plat-

form ang simultaneously exposing the telescope to a ragio-
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active source. The continuous rotary motion of the circular
ipiatform for calibration is achieved by applying a constant

D.C. voltage of +12V to the motor control circuit.

For achieving smooth operation of the system with
minimal hunting and to avoid unnecessary over-shooting, the
iyspeed control of the motor was made proportional to the
amplitude of the error signal. This was achieved by feeding
the error signal to a linear power amplifier (Motor drive
circuit) whose output drives the D.C. motor, so that the
- motor driving voltage and thus its speed becomes propor-
‘tional to the amplitude of the error signal. Excessive
power dissipation in the motor drive circuit was avoided by
converting the amplitude information of the error signal
into time information and giving the signal to motor drive

circuit in a pulsed form.

The motor control circuit {(Fig. 3.5) controls the
movement of the servo motor and ensures optimum performance
and efficient functioning of the orientation system {e.g. to
achleve maximum sensitivity with minimal hunting etc.) about
the orientation point. The error signal for the motor con-
trol circuit is derived from the magnetic sensor, after
suitable amplification in a variable gain D.C. amplifier.
The magnitude and polarity of this amplified error signal
are detected separately, as shown in Fig. 3.5. The output

Of the magnitude detector is compared with the reference
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signal, a clipped positive trianghlar wave, to derive a
'pulse width modulated output, whose width is proportional

to the amplitude of the error signal. The reference sig-

- nal for the comparator is generated from an oscillator

which gives a 100 ¢/s square wave output, which is inte-
grated to make it triangular. This triangular wave is clip-
ped at both ends and its level is then shifted to make the

voltage of the lower clipped portion slightly above zero.

The motor drive circuit (Fig. 3.6) is a pair of
complementary symmetric power amplifiers whose outputs drive
the reversible D.C. motor in either of the two directions.
The motor responds only to the»time integrated voltage of
the fast pulsed output of the motor drive circuit and hence
\‘moves in either of two directions with an effective speed
\_determined by the time average of this output., The polarity
detector detects the polarity of the error signal and
depending upon the polarity inhibits one of the two pulse
width modulated inputs to the motor drive circuit by making
the appropriate switching transistor conducting and provid-
ing a low resistance path for this input to pass through to
ground. Thus, in the motor control circuit. the polarity
detector determines and controls the direction of movement
Of the motor whereas the magnitude detector and comparator

determine and control the speed of the movement.,
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Clipping of the reference triangular wave to the
 ¢omparator is done to essentially inhibit the application of
the driving voltage to the motor when the error signal is
rsmall, to reduce the noise voltage across the motor drive
circuit during such periods. The level of the clipping is
adjusted such that the time integration of output pulses of
the motor drive circuit, corresponding to the lower clipped
portion of the triangular reference wave, results in an
effective average voltage which is sufficient to move the
motor with its associated load and at the same time does not
result in appreciable loss of sensitivity of the orientation
system. Since speed variation of the motor is not necessary
for large deviations of the platform, upper portion of the
triangular wave is also clipped at a suitable level, beyond
which speed control is not necessary {(~u + 10°). This helps
in avoiding very small OFF periods of comparator output, which

will otherwise be present. for large error signals and which

also produce unnecessary magnetic noise in the system.
Further, this uncontrolled full drive for larger deviations
of platform makes transition of the telescope from one

observational mode to other much faster.

In addition to the level clipping, it is also neces-
sary to have the level shifting of the clipped triangular
reference wave to make its lower clipped portion slightly

above zero, so that the servo system is insensitive to very

small values of error signal, thus: avoiding unnecessary
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ihunting of the platform near the orientation point. The
ieVel of this voltage was adjusted to make it insensitive
for deviations of magnetometer axis within + 1° of E-W,
which essentially puts an upper limit on the sensitivity
of the orientation system. From simulation tests carried
out on ground the pointing accuracy limitation of #* 1° was
confirmed.

An independent aspect magnetometer, mounted perpendi-
cular to the above one on the circular platform, was used to
check the working of the orientation system and monitor

the telescope azimuth,

3.3:3 Source Tracking

In order to achieve a maximum exposure time on the
pre-selected X~ray source, it is necessary to track the
given star both in elevation and in azimuth during the bal-
 loon float period. This versatility in the system also
enables one to make observation on more than one star in a
single flight. The azimuth and elevation tracking in the
Present experiments was achieved using onboard timer program-

mers.
3.3:3.1 Azimuth Control System

The block diagram and circuit diagram of azimuth
control system are shown in Fig. 3.7a and b respectively.

Azimuth tracking was accomplished by rotating the
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orientation magnetic sensor with respect to the detector
axis by commands given by a programmer which simulated pro-
:Vjection of motion of source in local azimuthal plane. Since
3the servo system always aligns the magnetic sensor with the
kmagnetic Bast-West axis, the displacement of the magnetic
 sensor is translated as an egual displacement of the tele-
scope, thus providing an azimuthal control of the telescope.
The rotation of magnetometer axis was accomplished by
'mounting it on a gear wheel, which was driven by a ratchet
relay. The relay was activated periodically by the azimuth
control circuit {(Fig. 3.7a and b). However, since the
operation of relay produces lot of magnetic noise in the
system and to avold sudden jerky motion of the platform, the
orientation system was made inactive for a short time when-

ever the relay operated. The correction for the change in

angular position of magnetic sensor was affected smoothly
when thé orientation system again became active and magnetic
sensor position stabilized, after the completion of the
relay operation. The operation of the azimuth control cir-
cuit was monitored through the telemetry system to obtain
the position of thc telescope at various times during the

observation,
3333.2 Elevation Control System
The elevation tracking was accomplished by moving

the 'U' mount carrying the self aligning ball bearing B3,
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in which the telescope housing axial rod 'R' fits (see Fig.
3.2), along a radius of the circular platform. The 'U'
_mount was moved on worm gear with an appropriate speed by a
’D.C. motor. The speed of the D.C. motor was controlled by
elevation control circuit, which consisted of an astable
multivibrator whose ON and OFF times (pulse width and time
Hbetween subsequent pulses) were fixed according to the desi~
. red change in the elevation of telescope. The output of
‘astabler was fed to a motor drive circuit, similar to the
one used in orientation system, which drives the motor and
the 'U' mount in either of two directions. The effecﬁiVe
speed of the motor and thus the rate of change of elevation
angle of telescope was determined by the ratio of ON and OFF
time of astabler output. The direction of the movement of
'U' mount was controlled by feeding the astabler output to
 appropriate power amplifier of motor drive circuit. The
elevation changes, in flight, were affected by an onboard
timer according to the preset plan. The movement of the 'U!
mount was monitored through a Cam switch on the worm drive
shaft which gave a monitor pulse to telemetry for every
revolution of the shaft. Since the change in elevation
angle of telescope is not a linear function of the straight
line movement of 'U' mount on worm gear, the pitches of the

gearing were calibrated with respect to elevation angle of

telescope before the flight.
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3.4 OTHER AUXILIARY ELECTRONIC SYSTEMS

3.4:1 FPower Supplies

Power for all the systems of the payload was derived
using 4V, 3 &mp-hour lead-acid cells, which work satisfactor-
ily down to ~4OOC, as the primary source of power. The dif-
ferent supply voltages needed for various circuits and for
driving various mechanical systems were derived from series
combinations of these cells. Sufficient current capacity
was ensured for each system by connecting number of cells
in parallel. All the voltages were regulated by electronic

regulators to ensure proper functioning of the systems.

High voltage supplies for photomultiplier tubesb
viewing Nal (T1) and plastic scintillators consisted of
conventional corona stabilised D.C.-D.C. COHVertérs, which
worked with a regulated 9V D,C, input and supplied regulated
output voltage of - 1500V, Fig. 3.8 shows the schematic of
the D.C.~D.C, converter. The high voltage supply was potted
with silicone rubber (RTVgO) to avoid corona discharge

problems at high altitudes.

3.4:2 Telemetry and Data Recording

The X~ray pulse height information from the pulse
processing circuitry (Fig. 3.1) and the telescope attitude
information {(magnetometer output, azimuth and elevation

tracking monitor pulses) were telemetered to ground, in
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real time, through standard FM/FM telemetry system at

108 MHz. The system consisted of subcarrier oscillators,
operating at standard IRIG frequencies, compatible with the
ground receiving station'. The transmitter output was fed
to a quarter wave antenna mounted underneath the bottom

platform, for transmitting the data to the ground.

The ground antenna system was a conventional eight
element yagi mounted on a steerable platform. The antenna
output was fed to a suitable FM receiver and after demodu-

lation was recorded on two fast four channel galvanometric

strip chart recorders along with the timing information.

3.4:3 Altitude and Temperature Measurements

The balloon altitude was monitored continuously
during the entire flight by radiosonde and radar. A clock-
work thermograph provided the thermal history of the payload

during the flight,

3.434 Inflight Calibration

The detector was exposed periodically during the
flight to a collimated am<%% radioactive source to check
the performance of detector and its associated electronics.
Any drift in overall gain of the system can be determined
by recording the shift in the position of 59,6 kev X-ray

241

bPeak of Am by comparing the distribution of the number

Oof pulses in each of discrete energy channels. The radio-
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active source was mounted on the side of X-ray telescope.
In the normal mode of operation the photons from the source
were prevented from reaching the detector by a thick lead
shutter. During the calibration cycle the D.C. motor was
given a positive supply, through the orientation timer motor,
which lifted the shutter, thereby exposing the detector to
the radioactive source. During this time the telescope made
continuous rotary motion in azimuth so that no particular
‘\iregion of sky was seen by the detector. This circular
motion of the platform also helped in checking the cali~
bration of the aspect magnetic sensor. The system was such
that in case of any malfunction the shutter was restored to
the DOWN position thus not affecting the normal mode of

operation,

3.5 PRE-FLIGHT CALIBRATION

3.5:1 Pulse Height Analyser Calibration

The energy thresholds of various channels of PHA
used in flight were calibrated before the flight using
Cdlo9 and Am241 radioactive sources, a laboratory 128 chan-
nel analyser and a standard pulse generator. In practice,
it was possible to calibrate the threshold levels of each
discriminator to an accuracy of better than + 0.5 keV.

The absolute energy calibration used in data analysis was

obtained from the analysis of inflight calibration data
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for c@rreéting for any variation in the preflight calibration

during the course of f£light,

- 3.5:2 Aspect Calibration

The aspect magnetometer was calibrated in terms of
telescope azimuth aspect angle relative to geographic north
pole in the local geomagnetic field at Hyderabad, at a
place far from the local disturbing effects of buildings and
other structures containing ferro-magnetic materials. Cor-
rections due to drift of balloon to regions of different
‘declination and inclination can be applied knowing balloon
trajectory, though in practice it is rarely necessary as

drifts in Hyderabad are mostly along geomagnetic latitude.

3.6 PREPARATION OF PAYLOAD FOR FLIGHT

‘ By providing adeguate thermal insulation over dif-
ferent subsystems and the total payload, it was ensured that
the temperature within the payload was maintained above o°c,
In order to have adequate margin of safety, all subsystems,
including electronic circuits, were tested for satisfactory
-~ operation down to —ZOOC. The entire payload including its
calibration was checked for its performance, both under high

vacuum and low temperature conditions, prior to the flight.

The weight of the payload, including batteries, was
150 Kg. The balloon trajectory during the f£light was
obtained from radar and theodolite observations carried

out by the TIFR Balloon Facility at Hyderabad.
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DATA REDUCTION AND ANALYS IS

4,1 INTRODUCTION

Since the X-rays detected by the balloon-borne
detector have already undergone attenuation in the atmos-
~ phere and in the detector, in addition to their being
transformed by the detector response characteristics, the
observed data has to be processed to take into account all
these factors, before being capable of related to the
characteristics éf the X-ray source itself. In this
chapter, the methods of data reduction and analysis are
described which enable us to obtain the true properties
Oof the source such as its intensity, spectral character-

istics and time variation from the observational data.

4,2 DATA PROCESSING AND SEPARATION OF X-RAY SOURCE

CONTRIBUTION FROM BACKGROUND

4.2:1 Data Processing

As described in the last chapter, the data from the
flight were recorded on a Paper chart. X-~ray data consist
of events recorded as pulses of varying height and width

on telemetry record, the height/width differentiation being
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used to designate pulses representing different energy inter-
vals., In addition, the azimuth and elevation tracking pulses,
analog aspect magnetometer information and time marks were
also recorded on the chart. The X-ray source was tracked
continuously by the telescope by following its motion in
azimuth and elevation. For data processing, the counting
rates of various energy channels in all the three modes of
observation viz. normal mode, background mode and calibration
mode were read manually and expressed as counting rates for
each time interval. The short periods of data recorded when
detector was in motion or changing its observational mode

from one to the other were neglected.

4.232 Separation of X-ray Source Contribution from Back-

ground : Statistical Considerations

In order to derive the intensity of X-ray source,

it is Necessary to estimate and then subtract the background

counting rate in each energy channel from the total counting
- rate in that channel. Information about the backgrounad

counting rate was obtained in the pPresent investigations

by periodically looking at directions 180° away from the

Source, as stated in the earlier chapter. The average of
background counting rate for each energy interval just
prior to and following a source observation during each
Observetion cycle was taken as background rate for that

particular source observation.
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Let N be the number of counts recorded by the dete-
ctor in certain enérgy channel in a time interval tl when
an X-ray source is being viewed and B the number of back-~

ground counts accumulated during a time interval t2.

The counting rate RS due to the source is

= - = B
R Ry - Ry S - L (4.1)
1 2

If the observed quantities are stationary during the

period of Measurement, the standard error due to statistical

fluctuations is given by

SN%G“'N :JE—
and HB = T g =j?

The fractional variance in source counting rate is given by
~\/Nt22 + Bt 2

5 R 1
R = (4,2)
S N t - B

2 tl

From eqn. 4.2 it is clear that to keep the statis-
tical uncertainty in Measurement of source flux to a mini-
mum, the precision in Measurement of B should be as good as
that of N, Since at typical balloon altitudes of ~v5g am ™2
eXxcess counts due to a strong source like Cyg X-1 in 20-200
kev ehergy band is only about 15-20% of the total counting

rate, it implies that in order to optimize it isg Necessary
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to divide the total observing time roughly equally between
the source and the background. In practice, to minimise
the error due to instrumental defects and statistical
uncertainties, the mean of the background measurement just
;prior and after the source observation is taken as the true

background counting rate.

The assumption that in the background mode of

observation there are no X-ray sources needs to be checked,

particularly to ensure that the background count rate deri-
ved 1s not vitiated by the presence of weak sources in these
directions. This was checked by taking average of all back—
ground measurements made during the total observational

brogramme and comparing each individual measurement of back -

ground with this average. Any deviation of more than 3o is
a definite indication of significant contribution from a
Source to such a measurement and hence the particular

Measurement which shows significant deviation was discarded.

4.3 RESPONSE FUNCTION OF X-RAY TELESCOPE TO A POINT SOURCE

In order to reduce the Observed excess counts S to
hormalised X-ray flux from the source,'iﬁ 1s necessary to
compute the exposure efficiency (fraction of detector area
exposed to a point source) of the detector as a function of
time for various sources under observation. The exposure
efficiency of detector depends upon the collimation response

©f the telescope and the space angle (J between the source
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and the telescope axis, which changes continuously as both
the source and the telescope axis move with time, Calcu-

lation of exposure efficiency of a telescope to a point

_source as a function of time, therefore, involves a know-
fledge of response of the telescope to a point source, pre-
bcise position of the source {i.e. its zenith and azimuth)
and the telescope axis in the sky and then the space angle
& between them,as a function of time., In this section we

briefly describe the calculation Of each of the above para-

meters,

- 4,3:21 Response of a Cylindrical Telescope Collimator to a

Point Source

The area of the detector exposed to a parallel beam

of photons from a point source depends on angle &, the angle

between the source and telescope collimator axis, This area

is . maximum when the incident beam is parallel to the col-

limator axis, decreasing to gzero as & increases toeﬁnax'

- the maximum acceptance angle(?rnax is

As shown in Fig. 4,1,

given by

- _ Z2r
tan{iinax R

where r and h are the radius and height respectively of the

~collimator.

The illuminated surface of the detector, shown by

shaded line in Figs 4.1a, for a parallel beam of photons
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. from a distant point source, incident at an angle & with the
axis of the collimator, is that bounded by the two arcs of
‘circles, as shown in Fig. 4.1b. The angle <ﬁas shown in

Fig. 4.1b is given by

- €
Cos B = h{z tanﬁ? _h tan &

= 2r

Area of sector of circle with angle 2@ (Fig. 4.2b)

2

=TT r” . 28
271
and area of triangle = % « 2r Sin P.r Cos @
= r2 Sin 29.
2

Therefore, the total exposed area for a beam incident at an

angle & is

S({&)

2{;r2Q - r? Sin ZéJ
2

= o5 g2 Eﬂé - Sig 2,@5} (4.3)

The fraction of detector area exposed to a point

Source as a function of incident angle (& with respect to

o
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telescope axis is

C(E) = Illuminated area normal to the beam
C B Total detector area

Il

2r? COSE?{% - Sin Z.gj
2

T
.F‘(@) :__3___ Cos(_f}g;@ - .5_1'2.5;2.._2] (4.4)
- ™

Fig. 441 shows calculated response of.the X~-ray

telescope used in February 11, 1975 flight.

4.3:2 Calculation of Position of Source (Azimuth ang

Elevation)_}n Sky

et

Calculation of the angular separation & between the
source and the telescope axis as a functibn-of time reqguires
a knowledge of the precise position of the source (i;e. its
zenith and azimuth) ang the telescope axis during the course
of observation. The azimuth angle (AT) aﬁd zenith angle (ZT)
Of the telescope during the flightare computed from the data
Obtained from the aspect magnetometer and azimuth and ele-
vation tracking pulsecs recorded on the telemetry chart, The
azimuth angle (AS) and gzenith angle (ZS) of the sdufce as a
function of time are determined from its coordinates {(right

ascension gf and declination & ) in the celestial sphere
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using the well known relations

Sin 2z, Sin A = -Cos & Sin h (4.5)
Cos Z, = Sin{ Sin g + Cos Cos h Cos® - {4.6)
sin 2z, Cos A, =5in% Cos g - Cosfy Cos h Sing (4.7)

where @ is the latitude of the place of observation, and hour
angle h of the source is related to right ascension by the

relation

h =S5.T, - £ . {4,.8)

where S.T. is the local sidereal time at which the obser-
vations are made. Azimuth of star at a certain time can be
:éalculated from equations 4.5 and 4.7 , and its zenith

k éngle from equation 4.6 . A&ny variation in latitude and

longitude of the balloon during the course of the flight are

also taken into account in calculating AS and ZS.

4.3:3 Calculation of Exposure Efficiency of Star as a

Function of Time

Knowing azimuth and zenith angle of telescope, A (t)
and Zp{t), and azimuth and zenith angle of source,AS(t) and
Zs(t)ﬂas a function of time, the space angle (¥ (t) between

Source and the telescope axis as a function of time can be
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calculated from

Cos & (t) = Cos Z (t) Cos Z.E(t) + Sin 2, (t)
Sin ZT(t) Cos EAS (t) - AT(tﬂ | (4,.9)

Exposure efficiency of the telescope to a point
source as a function of time,’q (t), can be derived by comb-
ining egqn. 4.4 and eqn. 4.9 . The exposure efficiency

at a time t is given by
M (€) = ¢ E?r(tﬂ (4.10)
7 ]
where & (t) is given by egn. 4,9,

The excess counts due toO a source at a time t,
for each energy channel of the experiment, is to be divided
by!Yl(t) to get normalized excess counts due to that source

corresponding to normal incidence (full exposure).

4,3:4 Scan Path of Telescope in Sky

Scan path of telescope in sky (right ascension and
declination of telescope axis as a function of time during
the course of experiment) can be obtained knowing the =zenith
angle and azimuthal angle of telescope as a function of time.
The right ascensiong{ and declination & for a particular ‘7

value of telescope zenith angle Z; and azimuth angle &}, can
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ibe calculated using the relations

it

- 8in %, S5in A, {(4.11)

Cos % Sin h

Sinés = Cos ZT Sin @ + Sin ZT Cos AT Cos@ (4.12)

< - Y ;
Cos % Cos h Cos %5 Cos @ - sin Z, Cos Aj Slnp (4,13)
and >{ = S.T. + h (4.14)

The value of declination is given directly by
eqn. 4.12 and hour angle h is obtained by dividing egn. 4.11
by egn. 4.13. From local sidereal time of observation {8.T.),
the right ascension is obtained from edn. 4,14, The scan
path of the detector is then obtained by calculating right
ascension of and declination 5 of telescope axis in sky as a

function of time for various values of telescope zenith angle

Zp and azimuth angle AT during the course of experiment.

4,4 SPECTRAL ANALYSIS: UNFOLDING THE MEASURED SPECTRUM

4,4:1 Introduction

Characterization of the spectra of X-ray sources,
for determining the physical parameters responsible for X-ray
emission, has been one of the major goals in the present
study. Simultaneous flux observations at a number of energies
are used to determine_the source spectrum. However, because
of the complex properties of X-ray detectors. the

count rates observed from a given astronomical X-ray
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source have no one~to-one relatiorniship to the flux from that
source incident at the top of the atmosphere. The trans-
formationswhich anX-ray flux incident at the top of atmos-
phere undergoes before being detected as counts in the
detector can be divided into those which merely attenuate
the beam {including the residual atmospheric absorption
above the detector, absorption in the detector winddw and
guantum efficiency of the detecting medium), and those
which redistribute it in detected energy {(fluorescent pho-
ton escape phenomenon and the inherent energy resolution of
the detector). In this section we briefly describe the
computer simulation method used in the present investi-
gations for deriving the energy spectral characteristics

of the source from the observed count rates.

The general procedure adopted for analysis of spect-
ral data consists of assuming a certain primary spectral
form having some free parameters, based on a particular
physical model of X-ray production, and convolute this
model spectrum to include the attenuation properties of the
atmosphere and the detector response to obtain counting rate
histograms in the specified energy intervals. The measured
pulse height distribution is then compared with the pre-
dicted model in ecach case to judge the correctness of the
model based on the goodness of fit between the predicted

and observed data. The process.is repeated for
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different types of model spectra,.till a good fit is

achleved.

4.4:2 Spectrum Transformations

Transformation of the model Spectrun through the
atmospheric and detector properties. into counts in the

detector was done using a brocedure similar to that of

an
&

Overbeck (1968). Let( )o be the assumed differential
number spectrum incident on the top of atmosphere, simplest
model being exponential and power law representing thermal
bremsstrahlung from a hot thin plasma and synchrotroﬁ
emmission of high energy electrons respectively. The pho-
ton power law spectrum resulting from synchrotron mecha-
nism is written as

aN (E)

5 = K E~w§hotons an? sec”t kev

and the exponential spectrum due to thermal bremsstrahlung

is

dN(E) exp (-E/kT) photons an 4sec”t kev ™l

B

jon)
=R

where o and T represent the electron spectra responsible

for the X-ray emission and K is a constant.
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The spectrum at the detector after attenuation in the

atmosphere and detector window (A1) will be

Mo
a(E} X }LA‘I(L) Xa1

<di\1 (E) <dN (® )> e

where }i-a(E) and kLal<E) are mass absorption coefficients
in air and aluminium respectively for X-rays of energy E;and
Xa and XAl are thicknesses of residual atmosphere along the
line of sight to the source and of detector window respect-
ively in g an™?. Since Compton scattering is the most
important mode of interaction for X~-rays of energy :;30 kev,
the absorption coefficients of air were calculated taking
Compton absorption coefficients of nitrogen, oxygen and
argon. In computing the amount of residual atmosphere along
the line of sight, the variation of zenith angle of the
source during the period of observation was also taken into

account.

The spectrum of energy losses in the detector after
~correcting for efficiency of crystal and flourescent X~-ray

escape effects will be

Q@(}é&% - (gg.éa)ltgm) - P (B - 2 mﬂ

+ (AN (e+E, ) P B+ E)
ae K )1

+

aN (E+E ) P (E + E., )
/dE KB )1 B K
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' where E,(E) is the efficiency of the detector given by

E@ = 1-ep| - M @ a |

where }Lc (E) is the mass attenuation cocfficient of crystal

1

material in cm2 g ~ and d, is the thickness of crystal in

o cm_z. PO( and P are the probabilities that an incident

B

photon gives rise to a K_ and Kg photon (of energy EKx‘and

o
EKFJ respectively which escapes from the detector. Effi-
ciency of the crystal and escape probabilities P, and P@

for the crystal used in present investigations have been

~computed as given in Sections 2.7:1 and 2.7:2 respectively.

The above spectrum is then smeared by a Gaussian
energy dependent resolution function of the detector to

obtain the final output spectrum recorded in the detector.

given by
. »{)C.- ‘-M(yE‘*E)Z
<g_1§(ﬁr)) = (gy(E')\ e 20-t' )%
JE final i) ) .
\ g © fam e

e
The standard deviation o— (E') as a function of E' is
related to experimentally measured full width at half maximum

(FWHM) of a Gaussian line by the relation
- = 0,424 FWHM

and has been determined experimentally for each detector.
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4.,4:3 Comparison of Experimental and Predicted Data

The experimental data consist: of counts in various
'energy channels having finite widths. For making a compari-
son between experimental and predicted data, the above
differential spectrum is integrated between the lower and
upper energy thresholds, El and Eu’ for each channel to give

the average count rate flux Ci in channel 1 as follows

E

. = N faN(E) dE counts sec™* an™?
i T aE
1l final

A computer programme based on the above procedure
was Used to generate predicted counting rate histograms in

the energy intervals into which the pulse heights were quan~-

~ tised by electronics, for different trial spectra having

certain free parameters. Various probable values of the
free parameters of the spectrum {ec.g. &, £, KT) were fed
into the programme. The predicted count rates C; thus
Obtained were compared with observed count ratesNi using')@2
~analysis and the least square (minZX?) criterion was then
used to determine the best fit values of unknown parameters
for each trial spectrum and to evaluate goodness of fit

between observed spectrum and model spectrum, Here y;z is
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defined as

N
~Z S i L
A = el
A =1 A Ny

where é;Ni is error for observation in the it energy chan-
nel and n is the total number of independent energy bins.
Alternate spectral models are accepted or rejected by comp-

aring the observed.t{z values against aﬁX? probability

~ min
brtable,which gives the probability P of obtaining a value of
}(2 greater than or equal to that observed for the speci-
fied number of degrees of freedom. If the above probability
is less than 10% it is unlikely that the model with its

best fit parameters describes the data, otherwise it is

considered to be acceptable,

4.43:4 Spectrum Unfolding

The measured spectrum can now be unfolded through
atmogpheric and detector response characteristics to give
the true incident spectrum. The ratio. of counts per
channel before and after folding of the acceptable best
fit trial spectrum are used as correction factors for
‘unfolding the measured results,., For observed counting rate
2 -1

- . .th .
Ni counts am sec in i energy channel, correction
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factor Ri will be

Y Jan) /(Y [fan () dE
Ry *&E <EE“ dE ,( T

i1 “Eil N final

In this way any features in the measured spectrum

are retained in the unfolded result.




CHAPTER V

OBSERVATIONAL PROGRAMME AND RESULTS

This chapter describes the observational programme
and other details of various balloon flights conducted to
make observations on the X-ray star Cyg X-1 in the energy
range ZO—ZOd keV, followed by a presentatibn of the results

obtained from these investigations.,

5.1 BALLOON FLIGHT DETAILS 3 OBSERVATIONAL PROGRAMME AND

FLIGHT PERFORMANCE

5121 Summary of Different Flights

Table 5.1 furnishees: the details of the balloon
flights carrying X-ray payloads, in which the author has
participated. These flights were conducted from Hyderabad
(India) éituated close to geomagnetic equator ()ﬁ$$8ON) and

important sources such as Sco X~-1, Cyg X-1, Her X~1 etc.

were investigated as a part of this programm.e..

Sincebthe present thesis is exclusively concerned
with studies on Cyg X~1, further discussion is carried out
only in relation to flight numbers 2, 4, 5, 6 and 7. Among
these flights, flight 5 was aborted owing to the accidental

crashing of the payload on the ground during launch, thereby
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incapacitating the payload. Flight 6 proved unsuccessful
due to the tropopause burst of the balloon., Useful obser-

- vational data on Cyg X-1 was obtained during flights 2, 4
and 7 conducted on March 29, 1972, January 18, 1973 and
February 11, 1975 respectively. The experimental objectives
in conducting these flights were to study flux, energy
spectrum, flaring activity and short and long term fluctu~. -

ations of Cyg X~1 in the 20-~160 keV energy range.

5,122 Observational Programme and Flight Performance

In all these flights long time observation of the
source was planned by changing the zenith and azimuth angle
Oof telescope, as described in chapter LII, thereby enabling
the tracking of the source in sky., The rate of change of
zenith and azimuth angle was breprogrammed by calculating
the zenith and azimuthal angle of the star for the day of
Observation. In this section, we briefly describe the
observational programme of different flights and actual

performance of each experiment,

The X-ray telescope used in March 29, 1972
Observation has been described in Bection 2.6:1 of Chapter
II, The detector had an effective area of ~v76 cm2 and
FWHM field of view of 18,8°. The balloon was launched at
0646 hrs Indian Standard Time (IST), reaching a ceiling
altitude of rw 5.7 g cm™ % at 0945 hrs IST and floated at

Nearly constant altitude till 1444 hrs IST. Cyg X=-1 was
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tracked by changing the zenith angle of telescope, initially
fixed at BOO, from 0940 IST onwards. The azimuthal angle
of telescope was kept fixed at 305° (in NESW system). This
way the source was tracked for 1 hour and 15 minutes, from
\ 0950 IST to 1105 IS8T, with an exposure efficiency of ~~ 90%.
The data was monitored in seven contiguous energy channels,
viz. 20,0-29,0 kev, 29.,0-38,2 keV, 38,2-48,5 keV, 48.5-60.0
keV, 60,0-87.5 keV, 87.5—119.5 keVv, 119,5~160.5 ke&V and a
sun channel of 29,0-60,0 keV. The f£light was successful
except for a malfunction in the 60-87,5 keV energy channel,
the data from which therefore had to be rejected in

further analysis.

The next observation on January 18, 1973 used the
X~-ray telescope described in Section 2.6:2 of €hapter II,
The detector had an effective area of ~/81 an? and FWHM
field of view of 13,50. The observations were made in
20-140 keV energy range, The balloon, which was launched
at 0746 hrs IST, reached a ceiling altitude ofrv 4.6 g cm”2
at 1015 hrs IST and floated at this»height upto 1302 hrs IST,
In this f£light, it was planned to make observations on two
X~ray stars Her X~1 and Cyg X~1 by changing both zenith and
azimuthal angle of telescope during the flight at a pre-
programmed rate. This way observations were made on Her X-1
for m~v 15 minutes and on Cyg X-1 for ~v 1 hour with exposure

efficiencies ~V95%. The observations on Cyg X~1 were made
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from 1140 hrs IST to 1245 hrs IST., Fig., 5.1 shows counting
rate of the detector in the source direction after reaching
the ceiling altitude and also indicates the time intervals
when Her X~1 and Cyg X~-1 were under observation. The aver-
age background counting rate B is shown by dotted line. It
is seen that while Cyg X-~1 has clearly contributed to the
counting rate of the telescope, there is no statistically
significant increase in counting rate during exposure to
Her X-1. These observations on Her X~1 were made in middle
of its OFF state (35 day), 5 days before the onset of 12 day
ON state,and have been discussed elsewhere (Sharma et al.
1973): The observations on Cyg X-1 will be discussed in a

later section,

The February 11, 1975 observations were carried out
using the large area telescope described in Section 2.6:3 of
Chapter II, having three NaI (T1) crystals with a total
‘effective area of ~ 225 cm2 and a FWHM field of view
of 13.5°, The balloon was launched at 0716 hrs IST and
reached a floating altitude of r~ 5,0 g cm"2 at 0945 hrs IST,
which it maintained till 1256 hrs IST when the rayload had
to be cut-off from balloon by command, because the balloon
had drifted too far due to high winds prevailing at float
altitude. Extensive calibrations were done immediately
after the payload recovery by exposing the detector to X-ray

calibration sources Cdlo9 and Am24l to check the drifts,
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if any, in performance parameters of the detector in flight.
In this flight, with the large area telescope, it was plan-
ned to obtain longest possible exposure of the source

Cyg X«i by changing both zenith and azimuthal angles of
telescope continuously by pre~programmed azimuth and ele-
vation controls of the oriented platform. The azimuthal
angle of telescope,which was initially fixed at r\/320 in
NESW system (32°E of north), was changed, starting from
1000 hrs IS8T, at a constant rate of O.6o per minute till
1210 hrs IST, when the azimuthal angle reached~v 314° (46°u
of north). The zenith angle of the telescope was initially
fixed at ~v 19 and was increased at a rate Qf/\xld per
6 minute from 1135 hrs IST to ~~ 1250 hrs IST, till zenith
angle reachedr\/32o. The tracking programmers and other
control systems worked as planned throughout the flight and
in this way Cyg X-~1 was observed for the complete duration
of balloon float. time from 0945 hrs IST (0415 UT) to
1256 IST (0726 UT)‘with exposure efficiencies ranging bet-

- ween 80% to 99%. The data was monitored in six contiguous
energy intervals,viz. 29,0-44.5 keV, 44,5-60,5 keV,
60e5~76.0 keV, 76.0-91,0 keV, 91,0~106,0 keV and 10640-121,0
keV., Of the three detector systems, .twa performed satis-
factorily throughout the flight, whereas the third one
(4" dia detector) did not behave properly during the flight.

However, since all the three detectors had completely
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independent electronics and other pulse processing systems,
~ the malfunction of this detector did not affect the satis-
factory operation of the bther two. The excess counts due
to Cyg X-1 in the two detectors were, however, combined to

2 for the\obserw

provide a total effective area of ~/ 163 an
vation of Cyg X-1, thus considerably improving the statis-

T tics.

. 5,1:3 Count Rate Profile During the Flight

A typical counting rate profile for the detectors
“used in the above flights is shown in Fig. 5.2 for the

first detector of February 11, 1975 flight., In this figure

we have plotted the observed counting rate in source and
background directions in 29,0-~76.,0 ke&V energy‘range as a
function of time and atmospheric depth. The major contri-
bution to the detector counting rate on the ground comes
from X~rays produced in natural radio active decays.
Therefore, as the detector is released from the ground.
the counting rate first registers a sharp fall, upto a

height of about 100 feet, and then starts increasing due to

rise in the secondary cosmic ray effects in the atmosphere.

As the detector rises higher and higher, the counting rate

increases monotonically till it reaches a maximum at the

Pfotzer maximum which is at a depth ofr/120 g Gﬂ~2, at

these latitudes. Above the Pfotzer maximun the detector

counting rate again starts decreasing till it reaches a
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minimum at a depth of ~15 g cm“2 of residual atmosphere,
and in fact should continue to further decrease- if there
were no contribution from extraterrestrial sources. But,
in spite of the atmospheric absorption the celestial X~rays

2 depending on theilr energy,

can penetrate upto 10-15 g cm’
the degree of penetration being less at greater depths.
This results in an upward turn in the counting rate and the
count rate shows a steady increase with altitude., However,
the counting rate in the source direction is higher than in
the background direction because of the X-ray photons con-
tributed by the X-ray source, in this case Cyg X-1. This
can be very clearly seen in Fig. 5.2 at float altitude,
where counting rate in the direction of Cyg X-1 is much
higher than in the opposite direction devoid of sources.
The fluctuations in counting rate in source direction are
due to varying exposure efficiency of the source, time
variations in the flux of Cyg X-1 and also due to minor
fluctuations in float altitude, besides the statistics of

the incoming photons themselves.

5,2 CONTRIBUTION OF CYG X-3 IN THREE FLIGHTS

To derite the number of observed counts from the
source Cyg X~1, the background counting rate is subtracted
from that observed in the source direction, as explained
in Chapter IV, However, due to the large aperture of the

telescopes used in the present investigation, the X~ray
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source Cyg X=3 which is ~s7° away from Cyg X-1 was also

in field of view of the telescopes for most of the time. In
this section, therefore, we will estimate the fraction of
observed excess counts in the source direction which could
come from Cyg X=-3 and also examine whether the observed

variations in Cyg X=-1 could arise due to intensity variations

of Cyg X-3.

The exposure efficiencylfor Cyg X=~1 and Cyg X-3
sources for March 29, 1972 and February 11, 1975 f£lights,
during which Cyg X~-1 was tracked continuously and-exhibited
flare-type enhancement and large fluctuations in intensity
(results to be presented in later sections),are shown in

Fig. 5.3a and b respectively., It can be seen from this

figure that in March 29, 1972 observation exposure effi-

ciency for Cyg X-3 is~ 40% for most of the time and in
February 11, 1975 flight it is only ~~v10% in the beginming
and gradually increases, but is less than ~~45% throughout
most of the observation time. The intensity of Cyg X~3 at
energies T 20 keV is normally reported to be nearly one
tenth of Cyg X-1 intensity (Matteson 1971; Brisken 1973;

Ulmer et al. 1974; Ulmer 1975 and Pietsch et al., 1976)

but on two occasions its intensity has been reported to be
as high as a third or a fifth of Cyg X~1 intensity (Rocchia
et al. 1969; Peterson 1970)., It is, therefore, necessary to

take account of the possibility of a relatively high
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intensity of Cyg X=3 (say one third) while discussing the
time variation of Cyg X-1, observed in the present inveéti—
gations., Since the percentage contribution of Cyg X-3 is
less than 45% for most of the time in all the three £flights,
even if we assume, in the worst case, the intensity of

Cyg X=3 to be one third of Cyg X~1 intensity, the estimated
contribution from Cyg X~3 will be less than 15% in our
observations i.e. approximately a factor of 7 below the

Cyg X=-1 contribution. Under normal conditions, Cyg X=3
contribution will be only ~~ 7%. Further, based on count-
ing rate profile at different times, and by comparing
counting rates for March 29, 1972 observation in 0957 -
10l IST time period,when R, the ratio of exposure effi-
ciehcy of Cyg X=3 to Cyg X=~1,1is ~,s0.5 {(and average counting
rate in 29-60 keV ismw47 + 8);to the counting rate beyond
1100 hrs IST i.e. in 1100 - 1113,5 IST period,when

R is ~v 1,5 (and average counting rate in 29-60 keVrv 27 + 9),
we get counting raﬁes of Cyg X-1 and Cyg X-3 to be n/47+ 11
and n’ 9+4 respectively. Therefore, during March 29, 1972
observation counting rate of Cyg X-3 is at least a factor of
4.5 smaller than that of Cyg X~1 and the contribution of

Cyg X~3 to the oObserved excess counting rate is only 10% for
this observation, which can be néglected. Similarly, for
February 11, 1975 experiment an upper limit to the contri=-

bution of Cyg X=3 can be derived by comparing the data in
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the initial observation period of 0940 - 1000 IST, when
exposure efficiency of Cyg X-3 is very low, to counting
rate in. 1100 - 1130 IST period,when exposure efficiency
of Cyg X-3 is large (see Fig. 5.3). Such a comparison,
though difficult to make in view of large fluctuations in
intensity of Cyg X-1, gives an upper limit of intensity of
Cyg X=3 Dbeing one third of that of Cyg X-~1. In view of this
and the fact that long term monitoring of Cyg X-3 above
20 keV seems to indicate that this source does not show
flare type fluctuations, we can conclude that presence of
Cyg X~3 is not going to materially change our conclusions
regarding the flare type behaviour and fluctuations in

intensity of Cyg X~1 discussed later,

In the followiﬁg three sections we will present
the results obtained from the observation of X~-rays from
Cyg X=1 in v 20-160 keV energy range in three experiments
conducted on March 29, 1972; January 18, 1973 and February

11, 1975 respectively.

5.3 RESULTS ¢ MARCH 29, 1972 FLIGHT

5.3¢1 Time Profile of Data : Observation of a Flare

The excess counting rates fior Cyg X-1, derived
after subtraction of the background, normalizing for the
off set angle of telescope with respect to the source, as

well as correcting for atmospheric and crystal transmission
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effects, are plotted as a function of Indian Standard Time
in Fig. 5.4a, b for March 29, 1972 observation of Cyg X=-1,
Fig. 5.4a represents the counting rate averaged over

10 minutes and 5.4b represents same counting rate with
better time resolution, as five minute averages, in two
energy ranges: 29-60 keV and 87,5-160 keV, The statistical
error at 10~ level in the counting rate is indicated by

vertical bars.

From these figures, it is quite clear that Cyg X-1
has contributed statistically significant counts to the
observed count rates from 1000 hrs IST to 1110 hrs IST, The
observed counting rate from the source was constant within
1gq level from approx, 1000 hrs IST to 1020 hrs IST, but at
1038 hrs IST the counting rate showed a significant enhance~
ment by a factor of two for nearly ten minutes, upto 1048
hrs IST. Following this enhancement the counting rate
again dropped to its normal value which it maintained till
1110 hrs IST, beyond which source was not observed. Figures
5.4a and 5.4b show two distinct phases of X-ray emission

of Cyg X-1, which were observed during this flights

i) 'Quiet Condition' observed at the beginning of

observation from 0958 hrs IST to 1018 hrs IST, and

ii) Short period (from 1038 hrs IST to 1048 hrs IsT)

'Plaring Condition' in the emission of Cyg X-1,
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when the source emitted greatly enhanced intensity

compared to that during ‘quiet' condition.

The observation just prior to the flaring condition,
from 1018 hrs IST to 1038 hrs IST, also shows some activity

and has been termed as 'Preflare' condition,

5.33:2 Source Emission Spectrum During Various FPhases

To know the emission characteristics of the source
in these three states, we have calculated the photon spect-
rum of the source for these three phases of its emission.
Fig. 5.5 shows the photon counting rate from Cyg X=-1 during
tquiet', 'preflare' and 'flare! conditions of its emission
as a function of energy, using the procedure described in
Section 4.4. The best fit spectrum based on the obser-
vations is also shown in figure. The best fit spectrum for
Cyg X~1 in the energy range 20-160 keV during the quiet
condition is consistent with a power law which can be
represenﬁed by the eguation 2

~1.90 * O.1 o2 soct kev?

diy photons cm

= 3.621 B
The average integrated intensity in the energy

150 keV during this £light in the quiet condition
-1

range 20-
. -8 -2
is ~~ 1.74 . 10 ergs dn sec

The preflare spectrum, from 1018 hrs IST to

1038 hrs IST, is also consistent with a power law, but with
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a different spectral index {(X= 0,93)

dN

anN -0,93 + 0,10
dE -

= 0,1 E photons an”? sec”t kev

The average integrated intensity in the energy
range 20~150 keV in Preflare condition has increased to

~ 2,83 . 1078 ergs — sec“l.

During the flare condition the spectral index
remains nearly same as in the earlier preflare condition:',
but the average integrated intensity in 20-150 keV energy
range increases torJ4.,64 . 10*8 ergs on—z sec-l,which is
_r\:2.7 times the intensity in quiet condition. The best
fit spectrum in this condition is represented by the

equation

aN _

&5 = 0.223.F

photons an”? sec” " keV

5,323 Flare Characteristics

Aé stated earlier, around 1038 hrs IST the X~ray
flux from the source showed an abrupt increase in all the
energy bands in the range 30-160 keV. This enhancement
lasted for about 10 minutes during which period our
detector registered approximately 2.7 times the flux
(in 20~150 keV) from the same source as observed during

the quiet condition., After the completion of the flare,
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the source flux decreased abruptly and returned to the

normal quiet condition.

Close examination of its characteristics reveals

some distinct features of this flare :

i) Since the spectral indexcX of the source changed

from 1,9 to 0,93 fifteen minutes prior to the

onset of the flare (preflare condition). and remained

almost same during the flare; it means that the

activity giving rise to the enhanced emission from
the source started in preflare condition and thus
the rise time to reach peak intensityvof the flare
was very slow ~~/15 min. On the other hand, the
decay to normal condition is very abrupt. Though
the statistical significance of the data 1is not

sufficient to precisely quantify this characteristic,

nevertheless, the observation strongly points to
the difference in the rise and decay time of the

flare.

ii) A close examination of Fig. 5.4b indicates that
there is a distinct time delay between low and high
energies when the source is in flare condition.

The observations indicate that flaring at high

energies {87.5=160.0 keV) starts about 5 minutes

ecarlier to that at low energtes (29-60.0 keV),
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a behaviour which is quite contrary to the normal
expectation. To check the validity of this result
we have very carefully examined the behaviour of
each energy channel in the calibration mode, when
the entire detector is subjected to periodic cali-
bration using a radioactive source. We conclude
that the observed delay of approximately 5 minutes
in the rise in intensity in lower energy channel
compared to the rise at high energy is a phenomenon
which must have its origin in the X-ray source

itself.

iii) As mentioned earlier, best fit spectrum during
flare hardens considerably compared to that during
quiet condition; spectral index changing from

X = 1.9 during quiet condition to o{= 1.0 during
" the flare condition. The percentage enhancement at
higher energies (87.5-160.0 keV) is much more than
at lower energies (29-60.0 keV) and basically the
flare is a. hard ¥-ray flare.
iv) The average integrated intensity in 20-150 keV
energy range during flare is 4.64 10_8 ergs cm"2

Sec_l,which is 2.7 times that during quiet condi-

-8 -2 -1,
tion (l.74 . 10 ergs cn = sec .

To know the characteristics of the flare in detail,

we have carried out one minute time resolution study of
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the normalised excess counting rate of the source. This is
shown in Fig. 5.6a for 29,0-.60,0 keV and 87,5-160.0 keV
energy intervals. It can be seen from this figure that due
\to the ﬁoor statistics. no definite conclusions can be drawn
regarding fluctuations in source intensity at one minute
time interval in the energy range 29.0-60.0 keV. Howéver,
in the higher energy range (87.5-160.0 keV) the increase

at 1039 hrs IST is very prominent. The enhancement in
source intensity in this energy range is by a factor of
nearly 4 to 5. The statistical significance of this
increase is at 5 to 69~ level, which means that this
increase in intensity of the source is genuine and cannot
be due to statistical fluctuations. This is also clear
from Fig. 5.6b where we have plotted one minute counting
rates for 87.5-119.5 keV and 119, 5~160.,0 keV energy inter-
vals separately. It is seen from this figure that the
increase in source intensity has taken place in both energy
channels at the same time. A&n interesting feature of this
event is that it is mainly confined to energies > 90 keV
only and corresponding increase at lower energies at this
time is relatively very small. This again points to the
fact that this flare is basically a hard X-ray flare,
unlike the flares reported by other observers. One feat-
ure of this hard X~ray flare is the presence of dips in

source intensity just before and after the flare, at
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1035 hrs IS8T and 1048 hrs IST respectively. Also, if we take
the increase in intensity at 1047 hrs IST in low energy chan-
nel as that corresponding to the hard X-ray flare {we should
_note khere that counting statistics at low energy is not
sufficient to draw any definite conelusions), then we see that
the dip in source intensity in this energy range before the
onset of flare is time coincident with that at higher ener-
gies i.e. at 1035 hrs IST,but the peak rise is six minutes
later, at 1045 hrs IST, Further, the post-flare dip is also
6 to 7 minutes later, at 1055 hrs IST, Besides, at higher
energies the source intensity has started increasing at
around v 1020 hrs IST itself, approximately 20 minutes
before the peak of the flare,but the intensity drops down
suddenly éfter the peak rise. This also supports the

earlier conclusion that rise time of the flare 1s much

slower than its decay time.

5,4 RESULTS : JANUARY 18, 1973 OBSERVATION

The observed counting rate from Cyg X-1 during this
flight is shown in Fig. 5.1. The photon counting rate as
a function of energy, after applying all the necessary

corrections for transmission through air, collimator

transmission efficiency and detector efficiency etc, tO

the excess counting rate as described earlier, is shown

in Fig. 5.7. The observations during this flight, which

lasted for about an hour of time, did not show any
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indication of the presence of fluctuations in the source
intensity. In other words, the source was essentially in
the 'quiet' condition., The best fit Spectrum consistent

with the observationsin 19~160 keVv energy range 1is a power

law, and can be represented by

-1

photons an”? sec™t kev™l

dN_ 4"1.95+ .ll
a’f"‘ 6e6 E -~

This best fit spectrum fitted to the observations

is shown in Fig, 5.7 by continuous line., It may be noted
here that the power law index X 1is consisten£ with spect-
ral behaviour observed during the 'quiet' condition of
March 29, 1972 flight, within statistical errors.

The average integrated.intensity in 20~150 keV
energy range is observed to be~ 2.6 . 1078 ergs an”? sec”l.

Owing to the rather poor statistics of the data obtained

for a short period of observation during this flight, the
data could also be fitted egqually well to an exponential
spectrum of a hot thin plasma with temperature given by

3 30
KT = 29.4 keV corresponding to a temperature of @4 8 . 107 K,

5,5 RESULTS : FEBRUARY 11, 1975 OBSERVATION

5.5:1 Intensity Variations over One Minute Intervals

In Fig., 5.8 the excess counting rates for Cyg X-1,
derived after subtraction of the background, normaligzing

for the offset angle of the telescope with respect to the
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source, as well as correcting for air and crystal window
transmission effects, are plotted as a function of time
as one and five minute averages in 29,0-121.0 keV energy
range. It is clear from this figure that counting rate
from the source has been fluctuating at one minute time

interval during this observation of Cyg X-~1. The time

averaged counting rate in the 29.0-121,0 keV energy range
for the entire duration of the observation is 1570 + 30

counts/min. This average counting rate when compared

with the counting rates in one minute bins showsthat
fluctuations in intensity at 2 to 3 g~ level exist for
almost the complete duration of observation. Further, at
least on two occasions, around 1007 hrs IST and11247 hrs
IST, the data shows dips in intensity of the source

where the deviations from the average are as high as 50 ,
which in no case can be due to statistical fluctuations.
Similarly, on another occasion, around 1100 hrs IsT, it
shows flare like increase where again deviation from aver-

age is nearly 50 . It should be noted here that these

variations in source iqtensity cannot be attributed to the

background fluctuations} because the corrections applied

are based on the background data immediately prdor to and

after the observation on the source during each observation

cycle, To our knowledge, this observation provides first

definitive indication of fluctuation in intensity of
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Cyg X-1 at energies > 20 keV on a minute to minute basis,
possibly because of better exposure efficiency on the source

and lower background conditions,

For knowing the overall anount of fluctuation in
source intensity from mean for the entire duration of
observation period, we have analysed the normalised excess
count rate data using X 2 technique. The analysis was
performed for each energy channel separately to determine

the magnitude of fluctuations in source intensity at

different energy intervals. For each energy channel we have

computed 3(2 which is a measure of the source variability

in that channel. Here 3C2 is defined as

' -z

=1 T

- . . .th | ., .
where x, and x are counting rates in the i time interval

1

and avérage of the total counting rate respectively, n is
the total number of observationsand ¢g—is the statistical
uncertainty associated with each observation. One striking
result oﬁ this analysis was that for first three energy
channels i.e. 29,0~44.5 keV, 44,5-60.5 keV and 60.,5-~76.0
keV, the probability that source intensity is fluctuating
and intensity in each time interval is different from
average intensity is more than 99%; whereas for the:last ..

three energy ranges i.e. 76.0-91,0 keV, 91.0-106.0 keV and
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106.0~121.0 keV, this probability is less than 35%. This
points to the fact £hat significaht fluctuations in source
intensity are present only upto ~v76.0 keV, This is also
clear from Fig, 5.9 where we have plotted one-minute norma-
lised excess countimg - rates for first three {(29,0-76.0 keV)

and last three (76.0-121.0 keV) energy channels separately.

The time averaged counting ratesfor the entire duration of
flight in 29~76,0 keV and 76.0-121.0 keV energy channels are
1290 + 26 and 280 * 16 respectively. These averages when
compared with counting rates in individual one minute bins
in two energy channels show that whereas fluctuations in
intensity at 2 to 3 ¢ level exist for almost the entire
duration of flight in 29.0-76.0 keV energy range, the

fluctuations in source intensity in 76.0-121.0 keV energy

range are almost within the statistical error for most of
the observation period. We, therefore, conclude that this
phenomenon has its origin in the X-ray source itself. This

point is also supported by the discussion which follows.

The above data were classified into six time inter-
vals of typically 20 -~ 30 minute duration, In Fig. 5,10,
we have plotted intensity averages over these time inter-
vals in all the energy bands separately. This figure shows
that in first three channels i.e. upto 76.0 keV, the vari-
ations in source intensity seem to be well correlated.

However, above 76.0 keV the corresponding fluctuations in
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source intensity are less conspicuous.

This and the fact that fluctuations in the intensity
of the source are present mainly upto 76.0 keV is perhaps
indicative of the fact that same mechanism and region of the
source is responsible for X-ray emissions upto ~s76.0 keV,
and above v 76.0 keV the X-ray emission originates from a

different region of the source.

5.5:2 Spectral Variations over 20 - 25 Min, Intervals

For the purpose of detailed investigation of
spectral variation in hard X-ray emission of Cyg X-1, we
have calculated the photon spectrum of this emission for
the time intervals shown in Fig. 5.10, when the source
intensity was roughly constant. Fig. 5,11 shows the photon
counting rate from Cyg X~1 during each of six time inter-
vals as a function of energy, following the procedure
described earlier. The best fit spectrum based on the
observations during these time intervals is also shown
in this figure. We have tried to fit both power law and
exponential spectrum to the observed data and the results
of this fitting procedure for various time intervals

are as follows:

(A) In the time period (1000-~1030) IST the measured
flux values are best represented over the entire

energy range by a single power law spectrum, The
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best fit spectrum for this time interval is given

by

dN E—lc88 i o15

5= < 4.2 photons an™? sec”™t kev

The spectral index of 1.88 is the normal spectral
index for the source in guiet condition and is
consistent with the earlier two observations. The
exponential spectrum provided a very poor fit to
the data for any value of parameter kKT in this time

interval, as determined by ’7C2 test.

Between (1055 - 1115) IST again power law spectrum

given by
%g = 12,7 §"202 % .33 photons an™? sec”! ket

provides best f£it to the observations, but the fit
is not good as is obvious by the large error {0,33)
in the value of spectral index., Exponential
spectrum was also fitted to the data but it pro-
vided a worse fit compared to power law. In this
time interval the spectral index has remained

same, within statistics, as in previous time
interval, but the total X-ray flux from source

has increased, as is evident by the larger value

(12.7) of constant K.
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However, during the next time interval, {1115-1135)
IST, the spectrum softens considerably, spectral
index o¢ changing to 3.24. The best fit power law

spectrum in this case is given by

—3.24 * .26 photons an”? sec”t kev
However, for this time interval. an exponential
spectrum with KT =2 33 keV fits the data equally

well,

During (1135 -~ 1205):IST period there is a tendency
for spectral index to be restored to its normal
value and its value becomes 2.40., The best fit

power law spectrum 1is represented by

2.40 + , 26

N - -
d = 27.3 E - photons cm 2 sec keV

dE
This value of spectral index is different from
all the previous three values of the index. In
this case also exponential spectrum does not pro-

vide a good fit to the data.

In the subsequent period of (1205 - 1230) IST the
spectral index has remained almost same but there
is an increase in the intensity of the source by

a factor of two. The best fit power law spectrum
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can be represented by

== = 84,3 E photons cm~2 sec keV

Here again exponential spectrum provides very poor

fit to the data.

(F) In the last part of the observation, {1230 - 1255 °)
IST, the spectrum again softens considerably, spect-
ral index changing to. 3.79 + .95. The best fit
power law spectrum is given by

dN

an -3.79 + 0.95
B

6942 E photons cm™? sec” b kev

However, the power law provides a very poor fit to
the flux distribution as is evident by the large
error (™ 1,00) in spectral index. Exponential
also gives an equally bad fit to the data, It is
interesting to mte that during this part of
observation of Cyg X-~1, flux in the highest energy
channel i.e. 106.0~121,0 keV, has decreased below
detectable level and this point has not been

plotted in the Fig. 5.11.

It is clear from the observations that the source

Cyg X-1 has ‘shown considaralile spectrnl changes..im its
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emission at energies > 29 keV over 20 - 25 minute time

intervals during this flight. This provides, for what is

probably for the first time at high energies, an evidence

for the existence of spectral variationsover short period

durations. Spectral variations could be investigated in
finer. detail in this observation of Cyg X-1, than had been
possible before, probably because of better exposure effici-~
ency on the source and lower background conditions in this

flight,

5.,5:3 Average Time Integwated Spectrum

The time averaged spectrum for Cyg X-1 for the entire
ddration of observation is shown in Fig. 5%.12 and can be
fitted best to a power law spectral function of the types?

aN _

-2437 + 0,08

photons cm—2 sec keVv

This power law spectrum provides a very good fit to
data in this case. The exponential spectrum was also fitted
to the observed flux distribution in this case but it aid

not fit to the data at all,

This time averaged spectral distfibution is differ-
ent from the normally observed spectrum for this source
(X ~1.9). The average integrated intensi;y of Cyg X~1 in
the energy range 20-150 keV during this flight is

~ 2443 . 1078 ergs an”? sec”t.
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CHAPTER - VI

X~-RAY EMISSION CHARACTERISTICS AND MODELS

FOR CYG X-1 : DISCUSSION AND CONCLUSIONS

In this chapter we discuss the implications of the
results presented earlier in relation to the X-ray emission
characteristics and models of Cyg X~l. Our results will be
: first discussed and compared with other observations at
different energies in an attempt to understand the short
and long term X-ray emission characteristics of tﬁe source.
Subsequently, various modelé for Cyg X-1, whicﬁ have been |
proposed to‘explain its X-~ray emission, will be described
and examined in the light of totality of observations made

on this source.

6.1 INTENSITY AND ENERGY SPECTRUM OF CYG X-1

Fig. 6.1 shows the representative observations of
Cyg X-1 made over a wide ehergy range with good accuracy,
reported till 1971, as compiled by Agrawal et al. (1972b).
The observations plotted in this figure are for normal
state of Cyg X-1 at energies ™ 20 keV. when the source did
not exhibit any unusual behaviour in its emission. Most

of the observations shown in the figure ¢an be represented
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by a power law spectrum with spectral index o lying between
1.8 and 2.0. Our measured values of X = 1,90 and 1,95 for
quiet state in March 29, 1972 and January 18, 1973 flights
respectively. are in good agreement with these and confirm
that the average spectrum of the source in the quiet state

-1.9 -2.0 .
E L to E 2 . However, it should

is best represented by —~
be noted that some observers {e.g. Bingham and Clark 1969;

Reinert 1969; Riegler 1969 and Haymes et al. 1968) have

found that an exponential spectrum also gives an adequately . ..

good fit to their measurements., Haymes et al. {(1968) found
that a single exponential spectrum with kT —~v94 keV fits
their data over the entire energy range of 35-453 keV,
while Reinert (1969) fitted a value of kT~78 keV for

his data in the 20-200 keV range. Although our observation
of January 18, 1973 could also be fitted to an exponential
spectrum with kT~29 keV, the poor statistics of the data

does not add weight to the above conclusion,

Fig. 6.1 also shows a large scatter between
various intensity measurements at different energies. As
pointed out in Section 1.7:2, Dolan et al. {(1977a) have
reported observation of an anticorrelated transition at
energies above 20 keV, coincident with low energy transi-
tion from low to high state in November. 1975. The ratio
of intensity.of these two states at high energies is

~32 to 3. They have given typical best fit spectra taken
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during periods of high and low intensity, which are plotted
in Fig. 6.1. This figure clearly shows that almost all the
observations above 20 keV reported till 1971, as shown in
Fig. 6.1, are contained between these two spectral states
of Cyg X~1 and the two best fit spectral representations
provide lower and upper bounds to intensity measurements at

high energies made upto 1971,

To further investigate the intensity and energy
spectrum of the source at energies > 20 keV, we have plotted
in Fig, 6.2 some of the recently reported observations. The
figure shows the observations of Matteson et al. (1976) on
July 17, 1969 and September 9, 1970 when an anomalously
low intensity was observed from Cyg X-~1 in 20-200 keV
energy range, the three reported observations of anticor-
related transition of Cyg X-~1 at high energies by Coe
et al. (1976), Sommer et al, (1976), and Dolan et al.
(1977a) and, two observation points of Baker et al. {1973)
in MeV energy range. The observations of Dolan et al.
(1977a) have been plotted as typical best fit straight
lines in two states derived by them,as in Fig. 6.1, and of
Sommer et al. {(1976) in low energy high state and of Coe.
et al, {1976) in both low and higﬁ states have been shown
as flux points at different energies as derived by them.
Also shown, as flux points, in the figure are our obser-

vations of normal spectrum on March 29, 1972 and
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January 18, 1973 and of total time averaged spectrum of
Februéry 11, 1975. It is seen from this figure that the
high energy observations of Coe et al. {1976) and Sommer -
et al. {(1976) performed during the low energy high state
are in fact closer to the lower bound of ‘the spectral
representation at high energies corresponding to high state
given by Dolan et al. (1977a) and are almost the lowest
intensity measurements at these energies reported so far
{except for the two anomalously low intensity observations:
by Matteson et al. 1976). The high energy observation
points of Coe et al. (1976) corresponding to the low state
of the source, as defined from low energy measurements, are
significantly higher than the high energy observations taken
during the high state of the source. However, their obser-
vations are still lower than the upper spectral represent-
ative line suggested by Dolan et al, (1977a) for low statew
Our own observational points for three flights also do not
lie on any of the two spectral lines of Dolan et al. (1977a)
for low and high states, indicating that the variations in
intensity of Cyg X-1 at these energies are more complex
than can be represented by the two spectra of Dolan et al.

{(1977a) for these two states..

Further,Coe et al. {(1976) and Dolan et al. (1977a)
have fitted their data at energies > 20 keV corresponding

to the low state with a power law spectrum with spectral
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indexé(of ~ 1.8 and 2,05 + 0,03 ‘respectively,whereas the
data corresponding to the high state has o= 2.39vt 0, 04
(Dolan et al, 1977a). In other words, the spectral index
at high energies does not show significant departure from
the normal o{ (lying between 1.8 and 2.0) during the low
state and it is only during the high state, the high energy
spectrum shows considerable steepening. This behaviour is
similar to the behaviour of the source at low energies.
where & , which is normally about 1.6, increases to

~ 3 to 5 for high state. Thus, the data clearly indicate
that the normal behaviour of the Cyg X-1 X-ray source is
characterised by the low intensity state at low energies
(high intensity at energies > 20 keV) with essentially a

spectral index of about 1.7 + 2 upto 150 keV.

Another feature which is conspicuous in Fig. 6.2
is the presence of an anomalously low intensity observed by
Matteson et al. (1976) on two occasions, about 14 months
apart. The observed intensity during these two periods is
about a factor of three lower than the lowest intensity
observed by Coe et al. {(1976), Sommer et al. {1976) and
Dolan et al., {1977a). Since there are no observations of
Cyg X-1 above 20 keV between July 17, 1969 to September 9,
1970 time interval, it is not possible to confirm or deny
the continued existence of an anomalously low intensity

for the entire duration of 14 months. On the basis of
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these observations. Matteson et al. (1976) have concluded
that there is yet another stable state of Cyg X-1 X-ray
emission at high energies. In our opinion, the observed
anomalously low intensity at high energies of Matteson

et al., (1976), if genuine, probably represents unstable
configuration of the source and not a phenomena representing

a quasi-stable state.

The available few observations at energies

T>150 keV. show considerable inconsistency. Whereas the
observations of Haymes et al. {(1968) and Haymes and Harnden
(1970) show a softening of the spectrum above 150 keV, the
observation of Baker et al. (1973), taken at a different
epoch, indicate a hardening of the spectrum in MeV energy
range. These observations are generally consistent with the
extrapolated behaviour of the source at lower energies whete
it exhibits extreme variability. However, the large statis-
tical errors in the data in this energy range do not permit

us to draw definite conclusions.
In summary, the salient features of the source are:

a) At low energies (< 20 keV), Cyg X-1 remains in one
of the two states of emission differing in
intensity by a factor of ~ 4 to 5; the high state

occurring for ~J 10% of the time.
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b) At energiles »20 keV, Cyg X-1 probably switches
between two states of X-ray emission differing in
intensity by a factor of~2 to 3 in anticorrelation
with the observed behaviour at lower energies, the
low intensity state at high energy corresponding

to the high state at low energies.

c¢) The normal state of emission at energiles > 20 keV
has a power law spectral index lying between 1.8 to
2.0 and corresponds to the low s*%ate at low energies.
The spectral index seems to stegpen when the high

energy intensity shows a radical decrease.

d) Change or otherwise of spectral glope in MeV
energy range of Cyg X-~1 X-ray emission needs

further experimental observationé.

6e2 OSHORT PERIOD TIME VARIATIONS IN CYG X~1

6.231 Flare Phenomena

Flare~like enhancement of flux cbserved in the
March 29, 1972 flight is undoubtedly an unusual phenomenon
observed in the emission of Cyg X~1 at hard X-ray cnergies.
At low energies, millisecond bursts have been observed
where the increase in flux is by several factors over the
average intensity. Also,Canizares and Ofa (1977) observed
the source at low energies {2-20 keV) from SAS-3 on five

occasions in 1975 and 1976 and reported that on one
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occasion, in October 1976, the source exhibited an unusual
degree of activity, including large number of rapid flares
with time scales of 1~10 sec and intensity enhancements by
a factor of ~v2 to 4, the 1like of which was not observed in
the earlier SAS-3 observations. The source was in its low

state of emission at the time of this observation.

Flare~like enhancements for Cyg X-1 at energiles
> 20 keV, where intensity increases by a factor of»2 to 3,
have been reported on three occasions {Agrawal et al. 1971,
72a; Fuligni and Fronteral973 and Nakagawa et al. 1973).
However, Matteson et al. (1976) have reported
that they observed no .such flare -activity in five
balloon observations of Cyg X-1 with total flight duration
of ~s6 hours, which indicates that these are indeed uncom-
mon events, Table 6.1 gives a summary of all the obser-
vational results on the previously réported flares and on
the flare observed by us. The table also indicates the
phase of optical binary at the time of observation. On
the basis of existing data a sporadic "flare-like” activity
seems to be an important, though rare, characteristic
of Cyg X~1 hard X-ray emission, Examination of results
presented in Table 6.1 indicates that there is no éénsis-
tent picture with regard to spectral variability during

flares. The observatiors.of Frontera and Fuligni {(1975a)
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and Nakagawa et al. (1973) indicate that the spectrum
softens during the flare whereas that of Agrawal et al,
(1971, 72a) leads to the conclusion that there is no change
in the spectrum. Our observation, on the other hand, indi-~-
cates that spectral hardening occurs during the flare.-
Similar discrepancies in the behaviour of spectral index
have been noted by Canizares and Oda (1977) at low energies
also., Attempts to relate the flare occurrence with the
phase of binary system indicate that flaring activity is
independent of the phase. The picture with regard to the

flaring phenomenon, thus, appears to be quite complex.

‘Table 6.1 also shows that in the 20-100 keV energy
range. all the earlier flare observations exhibit an increase
in intensity by a factor of ~/2 to 3 and that at energies
> 100 keV. the relative increase in intensity is much
smaller. However, in the flare cobserved by us, as against
a two fold increase in the 20~/90 keV energy range, the
increase in the 90~160 keV energy range is larger and more
spectacular, being almost by a factor of 5. Further, the
peak rise in intensity occurs over a much shorter time
interval of ~/1 minute, one minute being the minimum time
resolution of our experiment. This indicates that the flare
observed by us is basically a hard X-ray flare, confined
mainly to energies > 90 keV. This flare is thus different

from the ones reported by other experimenters and is more
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like a 7y -ray burst of smaller size (compared to those
Observed by Vela satellites). It should be noted here
that Vela detectors are relatively insensitive to the
events having a duration of ~~ 1 minute, and that.some of
the high energy 7Y -ray bursts reported by other wbrkers
(Kane and Share 1977) have typical time scales of 1-100

SecCe.

As pointed out in Section 1.7:4, there is strong

evidence suggesting a connection between 7Y-ray bursts and

Cyg X-1 and that some of the reported ) -ray.bursts have _origi-

nated from a region containing Cyg X~1,within the obser-
vational uncertainties. Further, as pointed out by Ruderman
(1975) and Strong and Klebesadel (1976), the temporal vari-
ations and spectra of some of the 7-ray bursts {e.g. April
27, 1972) closely resemble the hard X-ray emilssion from

Cyg X-1. Considering the energetics and spectral character-
istics, the flare which has been observed by us has a
considerable resemblance to some of the Y ~ray bursts,

thus further supporting the above hypothesis.

Earlier spectral measurements of 7Y -ray bursts
from IMP-g and IMP-7 satellites at energigs above 100 keV
showed (Cline and Desai 1975) that +the time~integrated

spectra of all the events are similar: they can be fitted

~-B =P
3 La Q_J}_T Y £ e\
by an exponential (dE of exp [}SO o for E7,<:4OO ke
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~ X
and by a power law ( g§<D<E, ) with ol ~2.5 at higher

dE Y
energies. These spectral measurements led various authors
to characterise the bursts only by their high energy
emission E7,:>ZOO keV). However, recently Kane and Share
(1977) have demonstrated that hard X-ray radiation {20-150
keV) represents a significant fraction (fm'20—60%) of the
energy emitted during the bursts, with most of these
exhibiting a power-law spectrum with spectral index
K ~1.0 to 1.4 in this energy range (Kane and Share 1977;
Wheaton et al, 1973; Metzger et al., 1974; Imhof et al. 1974),
The observed spectral index of~~ 1.0 for the present flare
is thus consistent with the observed characteristics of
many ) -ray bursts, Also, in 20-130 keV energy range the
bursts have typical time integrated energies offm/lO—S ergs
an”?; ranging between 8 x 107° to 1 x 1074 ergs ™% (Kane
and Share 1977). In the present case, the excess flux

during the flare in 20-150 keV energy range being ~ 3 x 10-8

ergs sec™t em” , averaged over a period of 10 minutes,
the total time integrated energy for the event works out
to ~/1.8 x 1077 ergs cm—z, which is of the same order as
reported by Kane and Share (1977). The burst observed on
October 7, 1972, for which source location is well known,
had a duration of ~~ 104 sec, time integrated total energy
in 20-130 ke&V range of V8 x 107> ergs an” 2 and a power

law spectral index of ~41.2 (Kane and Share 1977) and is
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guite similar to the event observed by us.

A peculiar feature of the event reported here is
the strong indication of a time delay of almost 5 minutes

in the enhancement of intensity at low energy channels as

compared to that in the high energy channels. We believe

that the early enhancement in X-ray flux at high energy
is an important feature of the source itself which must have

its origin in the very mechanism of the emission, and-whichmust

be considered before evolving a realistic model for the

SOUrCe.

64222 Short Term Fluctuations in Intensity

Besides measuring a steady-state spectrum with
spectral exponent typically between 1,8 and 2.C and flare-
like enhancements, some of the balloon observations of
Cyg X-1 have also revealed the existence of intensity
fluctuations over intervals of a few minutes (Matteson
et al., 1976; Agrawal eﬁ al. 1971; Fuligni and Frontera
1973). Our observation on February 11, 1975, however,
provides first definitive indication of fluctuations in
intensity on a minute to minute basis at these energies.
It is not clear whether such fast fluctuations could be
detected in this observation because of better exposure
efficiency on the source and lower background conditions, or

the source was in an unusually active state at the time of
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this observation., The time averaged spectrum for this
observation of the source is a power law with a spectral
index of ~v 2,37, which is different from the normal spectrum
 for the source, Of the many observations, Matteson et al.
(1976) found similar large scale fluctuations in intensity
over lperiods of ~. 10 minutes on one occasion {in June 1972).
None of the previous observations, however, had good enough
statistics to detect fast intensity fluctuations &b one minute
ievel., At low energies, the source is known to exhibit
fluctuations down to seconds and subseconds level, the
fluctuation characteristics varying with time. For
example, in October 1976 the characteristic time scales of
fluctuations wererw 1 to 10 sec, about 2-4 times longer than
that observed in October 1975 {see Canizares and Oda 1977).
The time scales for short term variability at higher energies
{vminute) seemto be ordér of magnitude higher than at low
energies {second and subsecond). Due to the poor statistics
of data obtained so far, extensi&e observations at higher
energiles are-required to elaborate detailed temporal
chracteristics of these fluctuations., In the light of the
current understanding of this source where hard X-rays
originate in the inner regilon of aceretion disk (Thorne and
Price 1975; Shapiro et al, 1976 etc.), such fluctuations

cannot be explained in terms of free fall (which is of the
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order of 6 x 1074 sec) ang require mechanisms such as gas
drifts along the inner unstable region of the accretion
disk (Novikov and Thorne 1973) to explain the long time

scales.,

The intensity fluctuations on minute to minute
basis in February 11, 1975 observation seemto be super-
imposed on long duration aperiodic changes in the level of
intensity (Section 5.10), As pointed out in Section 5.5:1;
these variations over m~s 20~30 minutes seem to be correlated
for first three energy channels i.e. upto 76.0 keV, and
the corresponding fluctuations in source intensity above
~/ 76.0 keV are less conspicuous, This can also be seen
from Fig., 5.9 where the average intensitiesfor these time
intervals for the first three and last three energy channels
are separately plotted. In the 76.0-121.0 keV range. the
intensity shows an abrupt increase during 1015-1115 hours
IST and then reverts to almost a constant lower level,
within statiétics, during the rest of the observation time.
On the other hand, the intensity in the 29-7¢ keV energy
rahge fluctuates between high and low intensity levels with
a duration of mv/20-30 minutes for almost the entire
duration of flight. This type of fluctuations in intensity
over a few tens of minute. have not been reported earlier.

"Absorption dips" lasting few tens of minute. have been
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observed in Cyg X~1 X~ray emission at low energies by
Copernicus {(Mason et al, 1974), 0S0-7 (Li and Clark 1974)
and ANS (Parsignault et al., 1976) ncar orbital phase 0.0 of
the binary system. A typical absorption event seen by ANS
is shown in Fig. 1.6; These cause ~/50% reductionvin the
flux at a few keV with negligible effect at higher energies,
and are presumably due to the absorption of soft X-rays by
gas streaming onto the X-ray source. The cause of changes
in intensity over the time scales reported here is not

apparent,

If the low fluX'values Seen on two occasions in
this observation forms20 to 30 minutes is a common feature
caused by attenuation due to Compton scattering, then the
derived minimun column density along the line of sight
should cause dramatic changes at low energiles when high and
low energy X-ray emission have a common origin, Such
a phenomenon has not been reported so far. Further, the
phase of the binary system at the time of our observation
being 0,6, it is unlikely that the decrease in intensity is
caused due to the attenuation in the intervening stream of
matter. Possibly, the decreases in intensity reported here
have their origin in changes in the source emission

spectral characteristics itself.
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6.2:3 Short Period Variations in Spectrum

The photon spectra calculated for the above
mentioned periods of low and high intensity in source
emission show a complex variability. Even though a power
law spectrum can be fitted to most of the obServatibns, the
value of spectral index o shows large fluctuations, varying
between ~~ 1,90 to 3.80, For the intensity during the time
interval of 1115=1135 hours IST, however, an exponential
spectrum with kT~/33 keV also provides edqually good alter-
nate fit to the observations instead of a power law with
o = 3,24, The presence of fast intensity fluctuations and
complex spectral variability in X~ray emission of the source
indicate.; that the accretion disk around the compact object
was in a highly turbulent and disturbed state at the time
of this observation. The time averaged spectrum for this
observation (6(~2,37) is also different from the normally
observed power law spectrum {X~1,8) at these energies.
Further, at the time of this observation. the source was
probably undergoing transition from one state to another
(Section 6.3). It is quite probable that fast intensity
fluctuations and complex spectral variability occur only
during such transitions. However, we cannot confirm or
deny this at present, because for two of the three‘other

observations when source was in intermediate state of



- 149 -

emission (Section 6.3; Clark et al. 1968; Agrawal et al.
1972b, April 16, 1969) no intensity and spectral fluctu-
ations have been reported, probably because of poor statis-
tics of data obtained, and for third occasion {(April 6, 1971).
Agrawal et al, (1972b) have reported some evidence for
intensity fluctuations and indication of spectral varia-
bility. ©On the other hand, in the observation of Matteson
et al. (1976) in June 1972 when intensity and spectral
fluctuations were reported, no time averaged spectrum for
the entire duration of observation has been given and, hence,
we cannot evaluate the average intensity of the source at

30 keV for this observation., Thus we cannot ascertain the
state of emission of the source {(as defined in Section 6. 3)

from Fige. 6«6

aAn interesting aspcct of the complex spectral time
variability of the source emission reported here is the
existence of an apparent correlation between K and o for

a spectrum of the form

aN{e)  _ ~cX
=5 = KB

(6. 1)
This is shown in Fig. 6.3 where we have plotted log K vs
power law spectral index o for different time intervals and
also for thé. total time averaged spectrum. In spite of the

large error bars, the figure does indicate the presence of
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a linear relation between log K‘and<a<. This type of
behaviour is expected for spectra. displaying anticofre—
lated variability- about a pivotal energy Ep, Comparing
the typical spectra for the above case,reprgsented_by the

equation

aN{E) _ v E |

. .
where K 1is a constant, with equation 6.1 it is clear that
log K = log K' + X log E, (6.3)

In other words a plot of spectral observations on a

(X, log k) plane should indicate the presence of a linear
correlation between o and log K about a pivotal energy Ep,
provided the source exhibits anticorrelated spectral varia-
bility. The slope of the best fit line to the points in the
figure is ~s1.82 implying EPK\J66 keV, This indicates that
flux enhancements at energiles less than ~s66 keV tend to be
accompanied by a decline at higher energiles and vice versa.
This conclusion about source emission is also supported by
Fig. 6.4 where we have plotted power law best fit spectra
for three time intervals (A, C and D; see Fig. 5.11) and
for total time averaged spectrum (Fig. 5.12), for which the

points in (&, log K) plot in Fig. 6.3 are lying exactly on
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the best fit line. This figure also indicates that source
exhibits anticorrelated spectral variability around ~v70 keV
for the complex spectral variations observed over a period

of ~220 to 30 minutes.

6e3 LONG TERM VARTATIONS OF FLUX FROM CYG X-~1 ¢ SEARCH FOR

SYSTEMATIC VARIABILITIES

In order to study the long term {(~sdays, months and
years) characteristics of Cyg X-1 X-ray emission at high

energies. we have made a critical study of all the available

observations of Cyg X-1 at energies > 20 keV, most of which
have been made from balloon-borne experiments with obser-
vation times of the order of ~/ 1 hour. Relevant information:
concerning thése observations, like date of observation,
energy range of measurement and the reported spectral
characteristics etc., is listed in Table 6.2. The norma-
lised fiux at 30 keV is also given in the same table. The
flux values and spectral indices are for normal and time
averaged state of Cyg X-1. The values of flux where not

directly available, have been obtained from the best fit

spectra reported by the investigators. The flux values at
30 keV and power law spectral indexcX have been plotted as
a function of date of observation in Fig. 6.5 which includes
all reported measurements at energies > 20 keV made between

1971-78, The figure indicates that, in addition to the
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short period fluctuations in intensity described earlier,
the X-ray flux even during normal 'quiet' condition shows
significant variations from espoch to epoch, intensity
varying by a factor of two or more. Likewise, the power
spectral index ¢xalso shows variations, cX varying between

1 to 2.4, the most probable value being m~s 1.9 + O.1.

To investigate systematic long term changes, 1if
any, in the variability of Cyg X-1 intensity, we have
looked for the existence or otherwise of variations in
intensity at 30 keV with phase of the Cyg X-1 binary system.
The phase of the binary for various observations is given
in Table 6.2 To avoid any bias in the selection of data
we have included almost all the observations given in Table
6.2 for this analysis for which intensity at 30 keV and
phase of the binary at the time of observation is available,
neglecting only those with very poor statistics (less than

30 confidence level).

Fig. 6.6 shows intensity of Cyg X-1 at 30 keV for
these observations as a function of phase of the binary
system at the time of observations {phase 0.0/ ~’/phase of
closest approach of optical star to us)., Different symbols
shown in the figure refer to the source (s) from which most
of the information concerning the observation has been

derived. The horizontal bars for the two observations of
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observations made on the source. Tor an explanation
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Dolan et al. (1977a) show the longer time period (~s1 day)
over which their two observations were averaged. The figure
clearly shows a definite correlation between intensity at
30 keV and phase of the binary, exhibiting a linear vari-
ation of intensity with phase, intensity being maximum at
phase 0,5. However, we find that a single line fit to all
the data provides a very poor fit to all the data points,
)CZ for such a fit being ~» 5 per degree of freedom. Upcn
careful examination of data, however, we find a striking
feature, that most of the data points tend to cluster around
two straight lines running parallel to each other., We have
separated the observation points into two sets and have then
fitted best fit lines to these two sets of points. These
best fit lines are shown in the figure. Only two cobser-
vational points of Matteson et al. {1976), when the source
showed an anemslously low intensity, lié& significantly
below the best fit lines. The observation. of Webber and
Reinert (1970) and of Dolan et al, (1977a) for 'high state'
of low energy, lie just above one standard deviation away
from lower best fit line; the rest being well within one
standard deviation of the two best fit lines. The corre-
lation coefficient for a single line fit to all the data
points is~s 0,43 whereas two line fit gives a correlation .

coefficient of ~~ 0,93 for both the lines. Similarly,
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:K? for a single line fit is~v 5 per degree of freedom
whereas it is only~ 0.4 per degree of freedom for two line
fit. This points to the fact that the source normally
remains in one of the two distinct states of emission.
Observations of Agrawal et al. (1972b), Clark et al. (1968)
and our observation of February 11, 1975 which lie between
the two lines were most probably taken when source was

undergoing transition from one state to another.
Following points emerge from this analysiss:

le There is clear evidence for the presence of two
distinct, high and low, states of emission for
Cyg X-1 at cnergies ™30 keV, the intensity in two

states differing by a factor of n~/ 2.

2. Distinct phase variability of Intensity at these
energies is seen for both the states, intensity at
phase 0,5 being greater by a factor of nearly

~s2 compared to that at phasa 0.0.

3, Variation of intensity with phase is similar for
both low and high states and it is, thus, independ-
ent of state of aemission of the source. Therefore,
the intrinsic source intensity is modulated by

purely orbital motion. The variation of intensity
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with phase for two states is given by

i

I= (0,0109 + 0,0015)P + {0,0032 + 0,0006) low state

I

it

(0,0103 + 0,0013)P + (0,0068 + 0,0005) high state

— —

where I is the source intensity (photons cm_2 sec™t
kevibat 30 keV and P is the phase of the Cyg X-1

binary system.

4, The source spends almost equal time in the two

states at these energies, which indicates that none

of the states is a stable one,

5, From the figure we find that the source can be in
any state at a given phase, which points to the
fact that there is no preferential tendency for any
state to occur for a given phase and that switch
over from one state to other may be fast,

independent of the phase of the binary system.

It should be noted here that the deduction:
regarding the existence of two states is not an artifact of
the analytical or experimental procedures adopted by differ-
ent experimenters. Nor is it due to the presence or
absence of Cyg X-3 in the detector field of view for the

following reasonss

a) Such an hypothesis would require Cyg X~-3 to have a

constant intensity at this level, which it
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obviously doés not have, being invisible relative

to Cyg X~-1 above 20 keV most of the time.

b) The intensity of Cyg X~1 should show a correlation
‘between detector collimation and derived intensity,
Cyg X-~3 being onlyf\/7o away from Cyg X-l.- How=-
ever, we find that collimation of less than 7°
FWHM have seen Cyg X-1 in a state of high intensity
and collimation of more than 9° FWHM have ascribed to

it a state of low intensity.

c) Overbeck et al., (1967, 68a) cbserved Cyg X-1 on

four separate times with the same equipment,

experimental technigque and data reduction method.
Cyg X~3 was nbt in the field of view. We £find
the source to be in low state for two of their
observations and in high state for the remaining
two. Similarly the source is in low state in one
of our observation in March 29, 1972 and in high

state in the other observation on January 18, 1973,

As mentioned earlier, the source exhibits anticor-
related spectral variability at a pivot energy around
~7 keV so that flux enhancements at low energies (E< 10 keV)
are accompanied by a reduction at high energies and vice
versa (Coe et al, 1976; Sommer et al. 1976; Dolan .et al,

1977a). We have,therefore, tried to investigate whether
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the source behaviour presented here at energies ~vs30 keV is
present also at low energies (E« 20 keV), by attempting a
similar analysis of low energy data, Unfortunately, most

of the available satellite observations in this energy

range have been reported as intensity and spectrum éVeraged
over a day or two and therefore it is not possible to assign
a unigue phase to these data. We could'gét only six obsexr-
vations having good statistics. for which phase and intensity
at~3 keV could be obtained. This number is not statisti-
cally sigﬁificant enough to enable us to draw any meaningful

conclusions,

The low and high states at hard X-ray energies
reported here do not seem to be same as the ones observed
at low energies, because at low energies, according to curé
rent understanding, the source spends only 10% of time iﬁ
high stéte whereas we find that at high energies it spends
almost equal time in the two states. Also, there are two
reported observations of - low energy high state at hard
X-rays shown in Fig. 6.6, by Sommer et al. {1976) and Dolan
et al. (1977a), both of which lie below the low state line
drawn in the figure, This indicates that the transitions
reported at low energies may be the ones involving intensity
changes on a bigger scale than reported here and which

occur less frequently, compared to the ones we are reporting.
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This will then indicate that the high energy variations of
Cyg X-1 may involve an additional third state; the source
being in one of the two states described above. ahd going
over to a third very low level intensity state when it

transits into the high intensity state at low energies.,

The power law spectral index <X for both the states
reported here does not show any correlation for the two
states and is almost the same (X~1.8 to 2.0). This further
strengthens our view that the two states reported by us for .
high energy X-ray emission from the source most probably
correspond to sub-states of the normally observed low state

reported at low energies.

The phase variability we are reporting here shows
a linear dependence of intensity on phase, unlike the one
reported by All Sky Monitor (ASM) on board Ariel V satellite
(Holt et al. 1976a, b), where they only observed a minimum
in intensity in phase with superior conjunction of the
binary system. The variation of intensity with phase
reported here is much more prominent compared to that
reported by ASM at lower energies. The behaviour reported
here is very unusual and is quite unlike the eclipsing type
of pattern normally expected for a binary system and is more
likely to have its origin in a phenomenon related to the

orbital motion of the system.
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In the light of our current understanding of the
Cyg X-1 source, we suggest that the characteristic funda-
mental property of this source i1s the two state emission
at high energies. emanating from the inner region of the
accretion disk, the two states having equal probability of
occurrences Thé normal state at low energiles, emitted from
the outer disk, is the one corresponding to the low state
in intensity for about 90% of the time. On rare occasions
when the low energy emission flips to high state, the high
energy X-ray component shows a further decrease,which could
be interpreted as the third state of emission at high

energies.

6.4 MODELS FOR CYG X-1

Based on the preceding discussion, we list the
following prominent features of Cyg X-1 X-ray source which
should be explained by an acceptable theoretical model for

this source:

l. The X-ray spectrum of the source extends upto few

hundreds of keV.

2. The source exhibits large irregular fluctuations in
its emission on time scales ranging from a few

milliseconds to days.
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The source, on occasions, exhibits flare like
enhancements. Some of the flare events at high
energies (»20 keV) show a remarkable resemblance

to typical Y-ray bursts.

The normal state of the source is characterised by
a low intensity state at low energies in which the
source spends almost 90% of its time. For this
state, the source spectrum can be fitted to a
single power law over 1-100 keV energy range with
a spectral index of @y 1.7 * O.2.

When the sourcé occasionally transits to high
state, persisting for about weeks to months, the
total luminosity at ~v 1 keV increasesby factor of
~7 5 and spectrum over 1-10 keV energy range
steepens withe(~/3 to 5.

At high energies the source exhibits an anticor-
related spectral variability. The intensity above
~/7 keV shows a drastic reduction when the low
energy intensity is in the high state.

In addition, the present study indicates that at
energies ~./ 30 keV. the source goes ©On regularly
switching between two states differing in
intensity by a factor of 72, which most probably

are sub-states of the low energy low state. In
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both these states the intensity at 30 keV exhibits
a linear variation with the phase of Cyg X-1 binary

system.

As discussed in Chapter I, the optical and X-ray
observations of Cyg X-1 suggest that it is a compact object
and has a mass larger than what is normally assigned to a
neutron star, thus indicating it to be a black hole. Even
the presence of millisecond bursts, however, cannot provide
an unambiguous proof for the black hole. In order to be
consistent with black hole dimensions, one would really
require‘microsecond pulsations to be present which, with
the present state of art in X-ray astronomy, is difficult

to establish.

Assuming the presence of a black hole in X-ray
emitting object of Cyg X-1, X-rays could be produced as the
black hole accretes mass from its companion. However,
theories of X~ray emission from matter accreting around
black holes are still in a hazy state,mainly because of
considerable uncertainties still existing regarding various
parameters of local physics of accretion disks around black
holes. For this reason, such models have only been able to
qualitatively account for some of the features of X-ray
emissién and cannot explain all the features in a suffici-

ently quantitative manner .
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Triple star systems in which an X-ray emitting

neutron star orbits one {close triple) or both (distant

triple) members of a massive binary system of normal stars
have also been proposed as alternate models (Bahcall et al.
1974; Fabian et al. 1974). Such models, however, require
the neutron star to be non-magnetic {(or magnetic field over
the time to have decayed to a very low value) because of the
absence of regular X-ray pulsations. Alternately, the
rotational axis and magnetic axis of the star will have to
be aligned with each other, which is less probable. Simple
stability calculations {Shipman 1975) for such systems over
a time scale ;3 106 years indicate that triple star system
would have become unbound when the neutron-star progenitor
exploded. For distant triple star model the system would
have acquired a very high space velocity due to the
explosion, which is incompatible with observations. A
fairly comprehensive search carried out for the third

low mass star by &bt et al. (1977) has yielded no positive
results. Even though the triple star model cannot be ruled
out, the available model is not worked out in sufficient
detail. and hence does not lend itself to a rigorous
examination. We have, therefore, primarily concentrated

on accretion disk black hole models, which have been ela-

borated in greater detail, for further discussions.
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6.421 Mode of Mass Transfer and Formation of a Disk

It becomes imperative to consider the details

of the geometry of accretion flow, that is, whether the
mass transfer is through stellar wind or from Roche lobe
overflow and whether an accretion disk around the black
hole is formed or matter accretes spherically. &as

pointed out in Sections 1.6:2 and 1.9:1, optical and X~-ray
absorption data for this binary system appear to present
evidence for the existence of gas streams from the primary
which fill the Roche lobe and overflow through Lagrangian

point L However, for 15—30b%)supergiant the accretion

l‘
rates resulting from Roche lobe overflow are so large

(fi~s10™3

MG yr—l; van den Heuvel 1975; Lamers et al, 1976)
that X-ray emission from the compact companion would be

quickly extinguished. A BO star of 15-30 Mb, on the other
hand, is most likely to lose mass at a significant rate by
means of stellar wind without filling and overflowing the
Roche lobe. However, a firm spectroscopic evidence for a
spherical stellar wind accretion strong enough to power

the observed X-ray source, MWFV1O-5 -—lO"GM@lyr"1 {cf Davidson
and Ostriker..1973), is lacking. The mode of mass transfer
in this system is pfobably intermediate between the two

extreme cases of Roche lobe overflow and a strong stellar

wind.
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It is not yet established whether or not the
accreted gas from the wind flows spherically onto the X-ray
source or forms an accretion disk. Earlier studies of
spherically symmetric laminar flow seemed to indicate that.
for the mass transfer rates required to give the observed
luminosities of 1037 —1038 erg secnl, cooling time of the
gas would be so short compared to the free—fail time that
the gas would arrive essentially cold aﬁ the Schwarzschild
radius. There being no solid surface to convert kinetic
energy into thermal energy, very little of this would be
radiated away (Shvartsman 1971; Shapiro 1973). This indi-
cated that the gas accreting onto the black hole should
form an accretion disk amund the compact object and cannot
accrete spherically. However, it has been shown {(Meszaros
1975) that turbulent accretion (Shvartsman 1971; Illarionov
and Sunayaev 1975) with magnetic:reconnection provides a
viscous dissipation mechanism which ensures that gravi-
tational energy is converted into heat at all radii down to
Schwarzchild radius, without needing to invoke a solid surface
to stop the flow, and may thus generate the required spectrum
via Comptonization at Teﬂv’logigx. However, detailed cal-
culations on the efficiency of the mechanism and spectrum of

X-rays which such a mechanism can provide, are vet to be

worked out.
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In contrast, an accretion diék model for black hole
is better understood and is able tQ_éxPlain( at least quali-
tatively, a number of observed feétures of the spectrum of
cyg %1 (Bardley et al. 1975; Ichimaru 1977). The disk is
formed when accreting matter has specific angular momentum
with respect to the black hole. In case of Roche lobe over-
flow the gas can easily form an accretion disk due to the
angular momentum carried by the gas with respect to the
secondary (Prendergast and Taam 1974) but for a smooth
stellar wind such a disk formation ig difficult. However,
theoretical fits to the optical light curves (Avni and
Bahcall 1975; Bochkarev et al. 1975) show that for Cyg X-1
system. the companion nearly £ills its Roche lobe (filling
factor“;Q95%),so that wind may strongly be enhanced by the
low surface gravity of the primary below Lagrangian point
Ll and may possess significant angular momentum as it flows
through a broad nozzle towards the compact star {Basko and
Ssunyaev 1973). Calculations of the angular momentum trans-
ported in the accreted gas from a spherical wind {(Illarionov
and Sunyaev 1975; Shapiro and Lightman 1976) indicate the
existence of a small amount of net angular momentum about
the black hole for wind accretion, which is wuch smaller
than that resulting from Roche lobe overflow by three to

four orders of magnitude, but which can still lead to the
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formation of a marginal disk {Shapiro and Lightman 1976) .
Taking these factors into account, the existence of a small
hot X-ray emitting disk in the system seems to be a likely
mechanism. The result of a phase modulation of intensity at
30 keV presented in this thesis, which seems to be coupled
with orbital motion of binary, introduces further cbmpli~
cations in the nature of orbital configufation, geometry of

accretion flow and the existence of a simple disk.

6.4:2 Accretion Disk Models

In these models a Keplerian motion of accreting
matter from the main star is assumed which forms an orbiting
disk around the black hole, its inward drift being due to the
radial motion which is caused by the outward transport of the
angular momentum. The outward transport of angular momentun
is due to viscous stresses removing the angular momentum.

The standard time averaged accretion disk models are essenti-
ally based on two sets of physical laws i) Conservation laws
for radial transport of mass, energy and angular momentum

in the disk and ii) ‘'Local' physical laws (equation of

state, vertical pressure balance, viscous heating, radiative
transfer). The equations used to describe conservation laws
are rather reliable, but equations of 'local' physics are
very shaky, esperially in their description of

vigcosity. This lack of appropriate description of

viscosity leads to various uncertainties about the
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disk structure and its stability, and thus has given rise to
a number of models for the structure of the accretion disk
and emission mechanism of X-rays, depending on the approxi-

mations made regarding 'local' physics of the disk,

The first model of "standard" Newtonian accretion
disk developed by Pringle and Rees (1972) and Shakura and
Sunyaev {1973) assumed that the viscous shear stress tg

induced by magnetic turbulence is constant throughout

the disk and is given by t¢r zcx;P} where P is the pressure
in ﬁhe gas and O, is a constant number believed to lie bet-
ween 1 and 10™3. These models can explain the observed
complex short time variability of X-ray emission of the
source. For example, the orbital period of a 'hot spot'
around the black hole will produce fluctuations in X-ray
emission at 1-10 millisacohd level, the presence of many
such hot spots can give rise to the complex short time
fluctuations. Fluctuations on time scales from several
millisecondsto a few tenths of a millisecond will also

arise because of magnetohydrodynamic turbulence in the inner

region of the disk.

These models, however, cannot explain the emission
of hard X-rays upto a few hundred keV requiring temper-
, . o}
atures ofr\JlOg K. The maximum temperature which the gas

. ' L3 O s
can achieve in these models 15:\4108 K, thus making them
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capable of emitting only very soft X-rays at luminosities

37 erqg Sec~l. Further, there is no mechanism

of about 10

¢ in these models which can explain the observed long term
transitions from one state to another. Also, an instability
(called L~E instability; Lightman and Eardley 1974).ariseé
in the inner zone where radiation pressure dominates gas

pressure (P, > Eb) rendering the thin disk models secularly

unstable in the inner zone.

In order to overcome these difficulties, following

two major modifications have been proposed :

1. 'Modified' accretion disk model proposed by Thorne
and Price (1975) and developed in detail by Shapiro

et al. (1976) and Ichimaru {(1977).

2. Accretion disk corona model proposed by Liang and
~Price (1977) and Bisnovatyi-Kogan and Blinnikov

(1977).

In the modified accretion disk model first proposed
by Thorne and Price (1975) purely on phenomenological grounds,
hard X~ray spectrum {extending upto few hundred keV) is

. 90 . . p
emitted from a hot (10~ K), optically thin.. (T~v1) but
geometrically thick inner zone which is surrounded by a
cooler, optically thick outer region. Soft X-rays result

from the thermal emission from the outer, optically thicdk,
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cool region at a distance of ~v lOO‘km from the black hole.
Hard X~-rays, which are emitted from the optically thin
inner region where radiative cooling can balance viscous
heating at temperatures of the order of lOgoK, get their
energy from repecated inverse Compton scattering of.soft
photons by high energy thermal electrons {Comptonization).
When an instability in the outer region (Lightman and

Eardley 1974) developes, the inner region swells, the

boundary moves outwards and soft X-rays are suppressed

(low state). When the L-E instability is not operative,
soft X-rays from outer region are predominant {(high state).
It must be pointed out that the model does not bring out
clearly the fact that the normal behaviour of the X~ray
source corresponds to the low state at low energies, and
the high state at low energies really is the excited state.
Further, our finding regarding the two states of intensity
level at high energies, even during normal state of the

source, requires to be explained. B

In accretion disk corona models. it is assumed that
the disk is optically thick all the way upto the inner-
most stable orbit. Such a disk, analogous to solar photo-
sphere, is likely to form a corona depending upon the disk
accretion parameters, somewhat similar to the solar corona

at high electron ion temperatures. In this connection
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Liang and Price (1977) have argued that an accretion disk
pumps energy into an outer tenuous layer of its atmosphere

©  to form a high temperature corona. Convection is the main
energy transfer mechanism along 7—coordinates in the central
part of the disk. Convection generates 4n acoustic flux which
dissipates in the upper, optically thin layers of the disk
and heats them. The origin of the hard X-ray radiation in
such a model may again be due to Comptonization of soft
X-rays, produced in the lower disk layers, in the high tem-

o
2 K). In such a model where

peratures corona~‘TéVlO
convection plays an important role in the transfer of energy
out of the disk into the corona, any decrease in the
convective energy transport would make the disk hotter and
cool the Corona, resulting 4n a transition of soft X-ray
component to increased level. Such a transition could be
due to a change in the accretion rate. Standard model
calculations for an accretion disk (Shakura and Sunyaev
'1973; Pringle and Rees 1972; Novikov & Thorne 1973)

show that vertical temperature gradient %% in the disk
decreases with increased mass-accretion rate. Since the
strength of the convective instability depends on %%
(Spiegel 1971), an increase in accretion rate could trigger

the transition from low to . high state. However, the

various uncertainties and simplified assumptions made,
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difficulty in constructing a predictive, mathematical model
of the corona, and the very qualitative nature of the model
as a whole a0 ' not permit a critical evaluation of this

model.

6423 Modified Accretion Disk Models

The modified accretion disk model,developed by
Shapiro et al. (1976) and Ichimaru {1977),is essentially
based on the phenomenological model proposed by Thorne and
Price (1975). Shapiro et al. {(1976) have shown that the
cool disk model is not unique and a second ‘'hot disk"
solution for the equations of disk structure exists, subject
to the same boundary conditions. Their solution gives a
hot, two temperature, gas-pressure dominated disk with
electron temperature close to 10°°K (which is nearly
independent of the radius) and a much higher ion tempera-
ture, because the electrons lose energy in X-ray emission
through Comptonization and ion-electron coupling time
scale =‘ion~viscous>heating time scale in steady state)
is longer than the electron cooling time scale. This model
qualitatively fits the observed spectrum of Cyg X-1 from
8 to 500 keV,which is produced in the hot inner two
temperature region of the accretion disk by Comptonigzation
of soft photons. However, it is not clear how the inten-

sity transitions occur in such a model. Eardley {(1976) and



- 178 =

Eardley .and Lightman (1976) have suggested, on an adhoc
basis, that a plausible candidate for the soft photon
source in high state is a cool, optically thick accretion
disk within the thin scattering cloud,which varies in
intensity. Spectral time variations, then, may be caused
by a varying intensity of inner photon source embedded
insige the stable hot cloud (Eardley 1976). However,
according to this view the whole spectrum below ~v 100 keV
is an accurate power law at any one instant; while Tananbaum
et al. {1972), Heise et al., (1975) and Sanford et al. (1975)
report an excess at E v 10 keV in the high state over the

extrapolation of the steep log-E power law.

A major drawback of the calculations‘of Shapiro
et al. (1976) is their assumption that viscous shear
stress t¢r induced by magnetic turbulence is constant
throughout the disk. This has been taken care of in another
version of modified accretion disk solution obtained by
Ichimaru (1977). This model is based on an explicit
formulation of viscous stresses arising from turbulent
magnetic fields, instead of assuming, as ih earlier models,
constant ratiockof the viscous stress to the pressure,
t¢r =P, Ichimaru finds that two physically distinct
states exist in the middle part of the accretion disk,

depending on the physical condition of the accreting gas
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near the outer boundary, corresponding to high and low
states of Cyg X-~l. The accreting gas may evolve into

either an optically thick {geometrically thin) disk or an
optically thin (geometrically thick) disk in the middle
region, depending on the accretion rate and temperature

at the outer boundary of the disk. The optically thick
middle disk emits the enhanced soft X-rays observed in the
high state. Ichimaru also finds that for the inner region
his solution of disk structure gives existence of a single
(optically thin, geometrically thick) region. which is
similar to the hot disk solution of Shapiro et al. (1976),
and most of the parameters obtained by Ichimaru {geometrical
dimensions, temperatures etc.) for inner region are essenti-

ally the same as of Shapiro et al. (1976).

An attractive feature of Ichimaru model is its
ability to explain high-low transitions without invoking
an adhoc mechanism. This model can explain the bimodal
transitions by assuming that the average accretion rate
falls in the vicinity of critical condition and fluctua-
tions in the accretion rate can produce the bimodal trans-
itions. Further, the fluctuations of the accretion rate
without crossing the Ichimaru threshold for the high-low
transitions will cause long term intensity aﬁd spectral

variations. The observed anticorrelated spectral
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variability can be explained as due to the additional>
supply of soft photons from the middle, cold disk which
leadsto the decrease in the electron temperature in the
inner disk, lowering the hard X-ray intensity as the soft
X-ray intensity increases. Whereas the approach of this
model is encouraging, guantitative evaluation of various
effects, particularly the significant properties brought

out in the body of this thesis, is necessary before drawing
conclusions on the validity of the model.Studies along these
lines are under progress and these will be published in due

course.

Tn all the accretion disk models proposed so far,
X-rays from a few to a few hundred keV are emitted because
of the unsaturated Comptonization of soft photons. It has
been shown by calculations of Comptonigzation that the
mechanism of repeated inverse Compton scattering of initi-
ally soft photons in a finite, optically thinﬁplasma cloud
containing a thermal distribution of electrons at either a
non-relativistic, semi-relativistic or relativistic electron
temperature results in a power law spectrum (Pozdnyakov et
al. 197¢; Shapiro et al. 1976; Katz 1976 and Eardley 1976).
In all these cases it is found that an upper cut -off at
hy = (2-3) KT _ arises in the spectrum, and that above

E ;D kTe inverse Compton spectrum steepens roughly
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exponentially. The value of Te' electron temperature of
the hot cloud, in Cyg X-1 is a very important parameter
which can be determined by observations through identi~
éication of the upper cut-off. As pointed out in Section
6.1 ,there is some observational data to suggest the
existence of a knee in the Cyg X-1 spectrum at ~s 150 keV,
and others suggest that the knee may be at still higher
energies {(Baker et al. 1973). Observations are difficult
near and above ~/ 150 keV and the presence of a knee at
~J 150 keV itself is yet to be established firmly. It is
also possible, as indicated in Section 6.1, that spectrum
in this energy range shows some variability, which will
indicate a change in the electron temperature of the cloud.
If the knee at 150 keV is real, then the average value of Te
in the hot plasma must be near 5 x 108o K. On the other
hand, if power law spectrum extends to E EE’SOO keV, as is
suggested by other observations, then Te will be corres-
pondingly higher. According to the disk models of Shapiro
et al. {1976) and Ichimaru {(1977), we should have

90

8 , , , .
Ter\J 5 x 107~2 x 10 K,which is consistent with obser-
vations.
Prom the above discussion it is clear that theories

of accretion disk around black hole are still in a preli-~

minary state, mainly because of considerable uncertainties
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in parameters determining local physics. The exact mecha-
nism of viscosity and radiation transfer in the disk around
black hole, which plays a crucial role in the energy dissi-
éation and subsequent removal of energy by radiation proces-
sess, i1s not clear as yet. Theoretical predictions at
present are not of the type which can be tested by rigorous
observations and thus make it difficult to really discri-
minate between various models. Even though the modified
accretion disk model (Shapiro et al. 1976; Ichimaru 1977),
with its capability to offer semi-qualitative explanation
of the observed features of Cyg X-1 emission, appears to be
moderately successful and thus more promisingy in the
framework of our present understanding of this model it is
not possible to explain the existence of two regularly
switching states and binary phase modulation of intensity at
30 keV reported here. Thus far, sufficlent consideration
to general relativistic effects (red shift, gravitational
focussing and black hole radiation recapture effects) has

not been given in these models.

The author is engaged in these studies and the

results of the same will be published in due course.
65 SUMMARY

Cyg X-1 is clearly one of the most interesting and

puzzling objects in the sky, noted for its peculiar features
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in several respects. In this thesis we have presented

results on short as well as long term X-ray emission charact-

epistics of this source at high energies (>20 keV). Several

interesting and new results have emerged froem from the

present studies, which are summarised belows:

1.

Z2e

Examination of all the observations made on the
source so far at energies > 20 keV. indicatesthat
during low state quiet condition the spectrum

of the source can be best fitted to a power law
with an index of /1.8, upto ~~ 150 keV. The high
energy spectrum steepens when the source switches

to high state at low energies.

The observations indicate that on rare occasions
the source exhibits a 'flare-like' activity at
high energies. In the event observed by us, inten-
sity in 29.0-76.0 keV energy range went up by a
factor of ~/ 2, whereas in 87.5-160,0 keV range

it went up by a factor of ~~/ 5. Moreover, there

is strong indication of a time delay of £ minutes.
in the enhancement of intensity in 29.0-76.0 keV
energy channels as compared to that in the high
energy channels. The spectrum of the source

during the flare hardened considerably and was

consistent with a power law having an index
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of ~v 1.0, Based on considerations of energetics
and spectral characteristics, this flare has close
resemblance to some of the 7 -ray bursts, thus
lending weight to the view that €yg X-1 is a

potential source of ¥ -ray bursts.

The observations also indicate that on occasions
this source exhibits large random fluctuations in
intensity by a factor of /3 to 4 at high energies
on time scales of ~/1 minute, which are mainly
confined to energies £ 76.0 keV. In addition, the
source also exhibits periods of high and low
intensity for durations of ™20 to 30 minutes
which are accompanied by complex spectral varia-
bility, the spectral index of the best fit power
law spectrum varying over a wide range from

~149 to 3.80., The source exhibits anticorrelated
spectral variability around ~/70 keV for these

complex spectral variations,

A major result which emerges from our study is
that the source has two distinct levels of hard
X~-ray emission, differing in intensity by a
factor of ~+ 2. In addition,it exhibits a linear

variability of intensity with the 5.6 day binary
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period at these energies. Variations of inten-
sity with phase of the binary System is same for
both the states and source spends almost equal
time in these two states. In the light of our
current understanding of Cyg X-1, we suggest that
the characteristic fundamental property of this
source is the two state emission at high energies
emanating from the imner region of the accretion
disk, both the states having equal'probability of
occurrence, The normal state at low energies, of
emigsion from the outer region of the disk,is the
one corresponding to the low state in inteﬁsity
for about 90% of the time. On rare occasions
when the low energy intensity emission flips to
high state, the high energy X-ray component seems
to show a further decrease which could be inter-
preted as the third state of emission at high

energies.

Various theories of X-ray emission of Cyg X-1 are
in a hazy étate at present and theoretical predictions are
not amenable to direct comparison with experimental obser-
vations. At present, the modified accretion disk model
(Shapiro et al. 1976; Ichimaru 1977) appears to be

moderately successful in explaining some of the observed
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features of Cyg X~1 emission, and thus more acceptable.
Further integrated development of theoretical and experi-
mental studies d®. necessary to achieve deeper understanding

of this fascinating and important object.
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CHAFTER - VII

IONIRATION EFFECTS OF CELESTIAL X-RAY SOURCES

IN THE LOWER ATMOSPHERE

7.1 INTRODUCTION

The possible significance of X-radiation in the
formation of D-region ionosphere was suggested many years
ago by Muller (1935) and again by Rawer (1952) and more
recently by Chamberlain (1961). Using the data obtained
during solar maxima, Poppoff and Whitten (1962) demonst-
rated that the solar X-radiatiqp plays a significant role
in the formation of lower D-region of ionosphere. In the
investigation of VLF field strength variations associated
with the changes in the solar X-ray emission, Ananthakrishnan
(1969) was able to clearly demonstrate that in addition to
the effect of solar X-rays on the ionization at D-region
altitudes during the day, a clearly observable ionization
at these altitudes caused by non-solar X-ray sources exists
during the night time. when the effect of solar X-rays is
virtually absent. The resultant electron density changes
as revealed by the study of VLF propagation characteristics
that include field strength and phase variations can thus

be exploited to detect the X-ray sources.
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However, opinions published in the literature
regarding the importance of strong non-solar X—réy sources
like Sco X-1 on the nocturnal D-region ionization have been
conflicting. While the ground based experimental obser-
vations of Ananthakrishnan and Ramanathan (1969), Edwards
et al. (1969) and Kaufman et al. (1970) on Sco X~1 and
other X-ray sources such as Cen X~2-and Cen X-4 using VLF
propagation techniques indicatedthat the effect of X-ray
sources on the night—ﬁime ionosphere is an observable
phenomenen, those of Burgess and Jones {1969) corresponding
to their data of Omega Navigational system suggested
otherwise. Other techniques that depend upon the floures-
cence effects of the atmospheric constituents in ultra-
violet, wvisible and infrared due to excitation by X-rays
also support the detection of such phenomena {Charman et al.
1970; O%Mongain and Weekes 1974; Elliot 1972; Fazio 1974 and
Weekes 1976). Theoretically, comparing the relative contri-
bution from ambient ionizing agents like Lyman-<X radiation
and galactic cosmic rays to the electron production rate in
the night-time D-region with that expected from Sco X-1,
Poppoff and Whitten (1969) concluded that the effects of
X-ray sources should not be discernible in producing signi-

ficant electron density perturbation over the ambient
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condition. These authors also objected to the inter-
pretation by Ananthakrishnan and Ramanathan (1969) on the
basis of the observed time profile. From a similar but

more detailed analysis, Francey {(1970) questioned the ana-
lysis done by Poppoff and Whitten and showed that.the
relative importance of contribution. from discrete cosmic
X-ray sources to the electron production rates in the night
time D~region critically depends on the assumed concentration
of ND (which is ionized by Lyman~-&{ ) in the 80-90 km regiones
That is, the observability of the effect due to strong
celestial X-ray sources like Sco X~1 depends on the magni-
tude of their ionization effect in relation to that from

all other causes, and in particular to magnitude of ioni-

zation due to Lyman-cX.

Since the cosmic X-ray sources are primarily investi-
gated using rocket, balloon or satellite borne instrument-
ation, which by theilr very nature can only be epochal, the
possibility of continuous long term monitoring of at least
strong sources through their ionigzation effectson the
D-region ionosphere assumes a great significance. With
above considerations in mind, we have critically evaluated
the effectsof strong celestial sources like Sco X-1,

Tau X-1 and galactic centre group of X~ray sources; strong

transient X-ray sources like AO0535+26 and A0620-00 and also
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the integrated effect. of several cosmic X-ray sources
studied by a number of satellites that include: Uhuru, ANS,

Ariel V and SAS-3, on the lower atmosphere.

7.2‘¢RESEDNSE OF IONOSPHERE TO X-RAYS

¥

It has been shown by a number of authors (Whitten
et al. 1965; Swider 1969; Francey 1970) that the X-rays
in the energy range 1-10 keV impinging on the top of atmos=-
phere produce ionization mainly in 80-90 km height interval.
At lower altitudes, the effect of X~rays becomes relatively
unimportant due to exponential absorption they undergo in
the 80-90 km height interval. Also, for normal power law
spectrum of the type g2 X-ray flux above 10 keV is very
low so that it contributes very little to ionization.
Therefore, we will consider the effect of X~-rays in
1-10 keV energy range only in the subsequent discussions
The energy absorption per unit volume from a monoenergetic

2

beam of X-rays of intensity I (keV cm” sec~l) passing

through an absorber of thickness dx {(cm) is given by

al _ ¢ -3 -1
&= m).r keV an” sec (7.1)

where f is the density of the absorber in g am™3 and M AE)

is mass absorption coefficient of X~rays of energy E in

2 1

an® g~ *. The electron production rate g(h) in a volume
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element of atmosphere at altitude h km will be thus given

by

3 -1

gth) = electrons an ~ sec (7.2)

M(E), P(h).I(h)
Q

where Q- 0,035 keV is the average energy for the production
of an ion pair in air, P(h) is density of air (g an3) at
height h and I{(h) is the intensity of the X~-ray source

in keV cm~2 sec-l at height h and is related to primary

intensity IO by .
Q0

I(h) = I expE/»-*f(E)[ f(H) Sec Z dH:l (7.3)

' “h '

where 2 1is the 'local' zenith angle of the source at
height h which is given by

: L

: | reh . 277 .

Cos 2z =|1-4 gz » Sin z R-earths radius {(7.4)
al J ~

for a reasonable approximation for the curved atmosphere

(ﬁmfﬁ}hemdadmaLzaﬁﬁla@haz(mfh

Thus the electron production rate due to X-rays

in the energy range El to E2 at height h of atmosphere.

and local zenith angle Z can be calculated from
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B rmo
; 2 .
(h) = £n) M(E) £(E) aE exp |- M(E)| P(H) Sec z aH
4 op |
1 N _

i

E, o0

P(n) o

LS| L exp |- ME) Sec z | PiH) dE’iILL(E) £(E)AE
1

h T eee (7.5)

where Z is given by equation 7.% and f (E) =(g%'- dE is the

source X-ray intensity in keV ™2 sec 1.

Similarly, electron production rate due to diffuse
cosmic X~ray background is obtained by integrating the
contribution over all energy elements for the solid angle
d.{l. over the zenith angle z and azimuth from O to 27T .

Since

adf)l = Sin z. d9. dz
we have q(h) = gIszEl[ M(E) £@B) | Sin z expl —~p(E)
Q E b 4
1 (6]
a0

g Q(H) Sec Z dH}-dZ dE electrons cm_3 sec T (7 )
“hy '
It is clear from equation 7.5 that changes in the

source spectrum should be reflected in g{h). Fig. 7.1

shows the results of computations of the electron production
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Fig. 7.1 s Altitude profile of ionization produced
in the D-region of lonosphere due to X-rays
of 1~10 keV having a spectral shape of the
form QN u 5photons cm™? sec~l keV~! with
valued of« ranging between 0,5 to 4.0.
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rate as a function of altitude for an assumed spectrum of
the type
-1

- -
%% = leE  photons am 2 sec ~ keV

-1

for different values of X ranging between 0,5 to 4.0.
Profiles shown in the figure correspond to zenith angle
X = o° for photons in the 1-10 keV range. It is obvious
that as the spectrum softens. the peak of production rate
moves up from about 70 to 95 km, considering that photons
above 10 keV contribute little to the electron production
at altitudes below 70 km due to their lower flux and also

because of large recombination effects.

7.3 AMBIENT SOURCES OF IONIZATION IN THE NIGHT-TIME D-REGION

The feasibility of observing the effect due to the
passage of celestial sources depends critically upon the
relative magnitude of this effect compared with the ioni-
zation due to other background sources in the night time
ionosphere. Therefore, in this section, we first attempt
+to make reliable estimates of the electron production rates
due to various ambient ionization agencies responsible for

the production of electrons in the nocturnal D-region.
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These agencies are identified to be

i) Diffuse cosmic X-rays
ii) Galactic cosmic radiation
iii) Lyman-¢X radiation and

iv) Meteors

Unlike the flrst three agencies; the ionization
effect from meteors is sporadic and uncertain. However,
it is believed that the éffect should be much less than
1073 an™? sec™t (Thomas 1971). Owing to the highly

infrequent nature of this source, it has not been consi-

dered here,

The D~-region ionization due to diffuse cosmic
X-rays has been evaluated using equation 7.6 and assuming
a spectral function of the type

2 -1 -1 -1

147 photons am” “ sec ~ sr — keV

aN _ -

I 13.6 E
in the 1-10 keV energy range {(Prakasarao et al. 1971).
Since the effect due to the difference between different
atmospheric models is completely negligible below ~~ 100 km

in these computations (Francey 1970), we have used the CIRA

1972 model for the atmospheric densities.,

The galactic cosmic ray effect is determined for

,%h = 23° and is based on the calculations of Velinov (1968).
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The extent of variation in the production rates resulting
- from solar modulation of the cosmic radiation and the
seasonal variation of the atmospheric densities has also been

estimated.

One important and crucial source of night iime
D-region ionization, on which considerable Uncertainties
still exist, is the ionization due to Lyman-{radiation.
The Lyman-—X radiation produces ionization at around 85 km
in the atmosphere through photoionization of nitric oxide
(Nicolet and Aikin 1960). Ionization rate due to Lyman-cX.
of intensity I (photons an™? 57t sr71) has been calculated

using the relation

gh) = 278 My (h) I lexp -7 Sec n, (h)ah|sin)(aX

where ni(h) and n2(h) are the number densities of NO and 02

respectively at height hZJEis the zenith angle,@ré = 10720 cm2
is the absorption cross- section of 0, for Lyman-<X(Watanabe
1958) and 9~ , = 2 x 10718 @m? ig photoionization cross

sectlon of NO at the same wave length (Watanabe 1958). A

free space intensity of~i2 x 10-3 ergs cn*z s™1 syt is
assumed for the night time Lyman-c{ at the top of the

atmosphere and is representative of average conditions

(Meier 1970; Hinteregger 1965). The height profile of
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Lyman~<X in the 70-90 km altitude range is derived by

assuming the O, distribution predicted by CIRA 1972, since

2
below 120 km altitude, where most of the Lyman- X absorption
takes place, all the atmospheric models essentially predict

the same value.

The principal difficulty in the estimation of the
Lyman-¢{ionigation stems from the uncertainties in our
knowledge bf the nitric oxide density profile. In the
present study a profile similar to that observed by Meira
(1971) has been used, but with the value of NO density
normalized to 2 x 106 c:m-3 at 75 km, at which altitude the
agreement between independent observational and analytical
results is good {(Mitra 1969: Nicolet 1965; Wagner 1966:;
Pearce 1969). The resulting profile of NO further yields
densities at other altitudes which are in reasonable agree-
ment with the corresponding values obtained by the inde-

pendent means cited above. Fig. 7.2 summarizes the

experimental status of NO concentration in the mesosphere.

Besides this, the Lynan—ﬁg component could also
cause some degree of ionigation. But the high absorption

18 w?) for this radiation

cross section of O, (~/1,5 x 10~
(Young et al. 1968) results in the flux of Lyman-ﬁ at

depths below 90 km to be too negligible to become a signi-
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ficant source of ionization.

The best estimates of electron production rates
in the night time ionosphere due to different ionizing
agents, computed as outlined above, are shown in Fig. 7.3,
The total ambient effect from all the background agencies

is shown by dotted curve.

7.4 IONIZATION DUE TO COSMIC X~-RAY SOURCES

In this section we present the results of calcul-
ations of the electron density perturbations in the iones-
pheric D-region for strong steady X-ray sources Sco X-1,
Tau X~-1 and galactic centre group and transient X-ray
sources A 1118-61, A0535+26 and A 0620-00; which will be
followed by a critical examination of their detectability
in relation to the above ambient ionization agents. In the
end we will examine the integrated effect. of many of the
known X-ray sources discovered by Uhuru, ANS, Ariel V and
SAS-3 satellites, in order to understand the totality of

their effects.,

7.4¢1 JTonization due to Sco X-1, Tau X-~1 and Galactic Centre

Electron production rates for Xérays from Sco X~1
and Tau X-1 as well as from galactic centre have been
calculated using equation 7.4, The calculations have been

made for zenith anglesY = 0° and for 45°, 60° and 10° for
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Sco X-1, the galactic centre and Tau X~1 respectively,
corresponding to the meridian transit of these sources over
geographic latitude 32°N (Geomagnetic latitude Am = 230),
and are shown in Fige. 7.4. The values of the relevant
parameters of these sources used in the calculations have
been taken from the measurements of Gorenstein et al., {(1969),
Chodil et al. (1968b) and Riegler et al. {1968). These
effects of Sco X~1, galactic centre, and Tau X-1 for

= 450, 600 and 10° respectively have also been plotted

in Fig. 7.3 along with electron production rates due to.
other ambient ionizing agencies. It is seen from Fig. 7.3
that below about 70 km altitude. the most important ionizing
agent is galactic cosmic radiation and above about 90 km
Lyman- o( dominates the ionization. But in the height range
70-90 km strong celestial X~ray sources like Sco X-1 can
contribute very significantly to the ionigation in the night

time ilonosphere.

As a next step, we have attempted to estimate the
resultant increase in the electron density due to passage
of these X-ray sources, The calculation of electron
density Ne from electron production rates qj is carried

out using the well-known formula for equilibrium condition

29 =y
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wherem# is the effective recombihation coefficient., Owing
to the inadequate information on the values ofﬂ%/for the
nocturnal D-region, the electron density perturbation due
to discrete X-ray sources has been evaluated by comparing
the directly measured night time electron,density‘profiles
(Deeks 1966; Mechtly and Smith 1968; Subbaraya et al. 1971)
with the calculated electron productionlrates. With these
observed values of Ne and the cdmputed values of qj corres -
ponding to the ambient ionizatioﬁ agents, the values of
recombination coefficient’\b as a function of altitude have
been calculated, which are shown in Fig. 7.5. We have also
examined the available data on the electron loss rate coef-
ficient”4ffor night time due to different authors {(Bailey
1968; Mitra 1968; Potemra et ale. 1969; O'Mongain and Baird
197¢) which are summarized in Fig. 7.5. Comparison of
different data showsthat there is a fairly good agreement
between various values of electron loss coefficient as
deduced by Bailey (1968), Mitra (1968), Potemra et al.
(1969) and present values in~~ 80 km height. The electron
density enhancementsdue to X-rays from Sco X-1, galactic
centre and Tau X-1 sources at 450, 600, and 10° zenith
angles respectively, corresponding to meridian transit of
these over 32°N latitude, have been computed using the

values ofﬂ%/at different altitudes derived as above. These
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electron density enhancements at different altitudes are
summarized in Table 7.1l. It 1s seen from this table that
electron density increase due to Sco X-1 is quite signi-
ficant at ~/ 85 km and should be definitely observable. How-
ever, results for galactic centre sources and Tau X—l are
less striking. In Pig. 7.6 we have shown electron density
increase over the ambient values at 85 km height as a
function of time, both before and after the meridian transit
of these sources., From this figure it is clear that effect
due to X-ray source Sco X-1 should be observable for about
2=3 hours on either side of the meridiaﬁ transit of this
source. In addition, owing to the fact that galactic centre
meridian transit takes place only 1 hr 25 min after the
transit of Sco X~1, the effect from these two sources will
be seen as a composite one which will result in a shift

in the time of peak electron density enhancement by about
20-30 minutes. Further, the expected duration of the effect

for Tau X~1 should be longer compared to that for Sco X~1.

7.43:2 Ionization due to Transient X-ray Sources

In view of the possibility of detecting and monitor-
ing transient X-ray sources through their ionospheric
effects, we have made calculations of electron density
perturbation in the ilonospheric D-region for some of the more

prominent sources of this class in this section., Thereafter,
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a critical comparison between the»expected effects for such
sources and that from Sco X=-1 has been made to ascertain the

detectability of the transient sources.

i) Source A 1118-61

This source made its appearance in X-ray sky
(R.A, # 11 hr 18 min and Declination = -61°) on December
18, 1974 {Ives et al. 1975) and by December 27, 1974 the
intensity rose to a maximum level of ~J 1.3. 10_9
ergs c:m_'2 Sec"l in the 2 to 6 keV band, which subsequently
reduced in about 8 days time below the detectable level.
The spectral distribution around the period of peak
emission for this source seems to be governed by a power
law with a spectral exponent value of nJ 091, Fig. 7.7
shows the electron production rate profile for A»1118~6l
computed for measured intensity of X-ray emlssion on
December 26, 1975 using equation 7.4 for zenith anglé) = 0°.
For comparison the corresponding profile for Sco X-1 is also
shown in the figure. It is clear that the expected electron
production rate at the peak period for this source is at
least an order of magnitude lower than thab for Sco X-1.
Besides, the altitude of maximum production for this source
is around 70 km in cbntrast to about 85 km for Sco X-1. Due
to much higher recombination rates (at least an order of
magnitude higher) at altitudes of 70 km compared to that

at 85 km, the expected equilibrium electron densities are
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Fig. 7.7 s The altitude profile of elactron production
rates due to A 1118-61 at its maximum on
December 26,1975, For comparison the corres-
ponding profile for Sco X-1 is also shown
in the figure.
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also much lower. Therefore, the chance of detecting this
source through its ionospheric effect is low because of its
weak ionizing effect at D-region altitudes and the prevailing

high recombination rates at these altitudes.
ii) Source A 0535+26

This source was discovered by modulation collimator
experiment on board Ariel -V on April 13, 1975, The inten-~

sity level on the first day of observation was about

4.4 x 107° ergs aun~? sec”! in the 2 to 5 keV band. A rapid

increase in its emission flux started occurring around

April 20, 1975, reaching a maximum level of 2.2x% 10_8

ergs cn”? sec”! by April 30, 1975. The source decayed

below the level of detectability by June 9, 1975 (Ricketts
et al. 1975a:Rosenberg et al. 1975). The spectrum observed
in early May. 1975 showed.that-it is extremely hard

‘Oo » . .
8), with an evidence for softening towards the

""l. 1

(~E
final phase (E around June 1, 1975). Fig. 7.8 shows
electron production rate profiles for May 19, 1975 and
June 1, 1975. As in the case of A 1118-61, the electron
production rate for this source also is about an order of
magnitude lower than that for Sco X-1 and the chance of

detecting this source through its ionospheric effect » ¢ -

is also not high.
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1ii) Source A 0620-00

A 0620-00, one of the strongest transient X-ray
Source, was discovered by Ariel V on August 3, 1975 (Elvis
et al. 1975). At the peak of its active phase (August 11-1g,
1975) the X~-ray flux emitted by this source was almost four
times that of Sco X-1, the strongest of the steady sources
known so far., This transient source also exhibited remark-
able spectral variabilities during its rise and decay phases,
In fact, the spectral exponent varied from 0.7 to 5.7 over
a period of about 15 days of its rising phase (Ricketts et
al. 1975b). From the available data (Ricketts ot al., 1975b)
on the intensity and spectrum, the ionization production
rates have been computed as a function of altitude over o°
latitude. The results are presented in Fig. 7.9 for a
number of values of the Spectral exponent corresponding
to the different epochs of the source. A&s is clear from
Fig. 7.9, the peak of the production rate shifts from around
75 km to 90 km as the intensity and spectral features change.
Whereas a general shifting of the peak of electron production
rate to higher altitudes is observed as the Spectrum softens
up toX = 4,75 and E, = 1.9 (Curves & to F), further softening
results again in the lowering of the altitude of peak
production rate, due to the increase of the low energy cut
Ooff value of the X-ray flux (G and H). Further, it is

Observed that the electron production rate for several days
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spochs corresponding to which spectral
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for this source is comparable to or higher than that from
Sco X-1,and around the intensity maximum is as high as
10 times that from Sco X-1. The effect of the transient
X-ray source & 0620-00 should, therefore, be significant
for the period August 3~18, 1975 and there is distinct
possibility of detecting this transient source in the

available VLF data for this period.

7.4:3 Integrated Effects of Cosmic X-ray sources

In this section we examine the integrated effect
of several cosmic X-ray sources studied by a number of
satellites, in order to understand the totality of their
effects on the nocturnal D-region of ionosphere. These
studies have been made for different ﬁimes of the year
for two different latitudes (0° and +38°) under midnight

conditionsg.

The X-ray sources identified for the present
investigation correspond to third Uhuru catalog (Giacconi
ot al., 1974) supplemented with data reported from ANS,
Ariel V and S&S-3 observations. #4As a first step towards
the evaluation of the integrated ionospheric effect of
cosmic X~ray sources, the contribution due to the galactic
centre group of X-ray sources has been estimated. The
results of the calculation (from individual sources and

sum total) carried out for o° geographic latitude
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corresponding to the meridinal transit of this group of
sources at local midnight on May 25 are presented in

Fig., 7.10 along with the estimated contribution from Cygnus
group of sources. The details of the sources considered
are given in Table 7.2. .Only those sources that contribute
more than 5% of the total production rate are shown in the
figure., The combined effect of all the known steady
X=-ray sources on the D-region of the lonosphere 1is also
computed corresponding to a helght of 80 km for the geo-
graphic latitudes\= o° and N\ = 38°N., The calculations

have been made for the following two conditions:

i) The first day of each month for the whole year:
corresponding to midnight and for sources with

ﬂmﬂmzmmesof7daarl%s.

ii) Effects of transient sources have not been

included.

The results for electron production rate at 80 km
so obtailned are presented-in Fig. 7.11. &lso, the number
of sources considered for the calculation is indicated on a
monthwise basis in the same figure. It is seen from this
figure that the production rate has a broad maximum around
July for both the latitudes with minimum occurring around
March-April. Further, the ratio of the maximun to minimum

production rate is found to be about 10O.
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Next, we have attempted to estimate the resultant
increase in the electron density at 80 km for different
months. Since a comparison of the different data forﬁf,
the electron loss rate coefficient for night time, £from
Fig., 7.5 shows that there is fairly good agreement between
various values of the electron loss rate coefficient as
deduced by Bailey (1968), Mitra {1968), Potemra et al, (1969)
and present values for 80 km height; we have used é ﬁalue of
3.5% 107> am® sec for”\P. The electron density enhancement
due to X-ray source (N ) has been calculated using the

source

formula

Qamb + Qsource
N = 2
\} [Namb + Nsource]

where Qamb is the ambient electron production rate due to
agencies such as Lyman~<, cosmic background X-rays and

galactic cosmic rays (Section 7.3), O ource 18 the electron

production rate due to X~ray sourcesas shownh in Fig. 7.11,

and Nam is the electron density prevailing under stable

b
conditions. The calculation of ambient electron production
is for solar minimum conditions. The values of Namb and

Q have been adopted from Poppoff et al. (1975) and from

amb
Section 7.3 respectively. The results of the calculation:
are shown in Fig. 7.12. It can be seen that for A = OO,

about 8 electrons c:m'-3 aré produced corresponding to the
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disposition of sources on the first day of June over the

corresponding background level of six electrons an3, The
resultant electron density is thus found to be more than

a factor of two of the ambient value due to the influence

of the X-ray sources. In this connection. it may be ment-

ioned that the use of more complete equation

aN = -Ap N2
o Q(t) )LN

for the present case of near midnight conditionsand detér;
mining Q{t) with and without the X-ray sources leadsto the
electron density values which are within 10-15% of those
reported here using the simpler equation for equilibrium

conditions,

The present study, thus, indicates that the inte-
grated effect from most of the known X-ray sources results
in an electron density perturbation in the night time
D-region of the ionosphere at a level roughly equal to the
ambient value, for midnight conditions, and during the
period around the minimum of solar activity; This, in turn,
should lead to a significant variation of the électron'
density on an annual basis. The effect is comparablé in
magnitude to that of Sco X-1 and should be detectable by
the conventional VLF propagation techniques. By continuous

monitoring of the VLF field strength or phase variation
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around local midnight over a year, the integrated effect
from cosmic X-ray sources should be discernible during

the months of May - August,

7.5 Summary

The main points emerging from present study are the

following:

1) There is a strong evidence for the detection of
ionospheric effect: due to strong celestial X-ray
sources like Sco X-1, especially at low latitudes.
Presently available evidence shows that the
contributions to night-time ionization of
equatorial D-region ionosphere fromcosmic X-rays,
cosmic rays and Lyman-¢{ are comparable with each

other.

2) The effect of these sources persists for about
2~3 hours on either side of the time corresponding
to the peak effect, the extent of spread
depending on the declination of the source as
well as on the nature of its energy spectrum,
The ilonosphere behaves as an X-ray telescope withA
a large opening angle so far as the transit of

celestial sources is concernedes
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3) On an average basis, it should be possible to
study systematic long-term variatiomsof the inten-
sity of strong X-ray sources in the time scales of
a few months to a few years using the data on VLF

propagation.

4) The ionospheric effects due to weak transient
sources like A 1118~61 and A 0535+26 are not
observable, the electron production rates for these
sources being an order of magnitude lower than that
due to Sco X—-1. However, the effect of A 0620-~00
is very significant, being comparable to that due
to Sco X-1, and search of the available VLF data
for the period August 3-~18, 1975 should prove
rewarding to identify and possibly quantify the
effect of this source on the lower ionosphere.
Further, distinct changes in electron production
rate profile are expected due to the spectral

variability of this source.

5) Study of the integrated effect of cosmic X-ray
sources leads to the conclusion that the effect
is roughly equal to the ambient value of electron

density perturbation in night time D-region and
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there should be dctectable annual variation of the
electron density, with the maximum effect being

observed around May-August,



APPENDIX I

ENERGY RESOLUTION IN A SCINTILLATION SPECTROMETER

The processes leading to output pulse at anode of

the photomultiplier tube, starting from energy deposition

in the crystal are:

a)

b)

c)

d)

e)

£)

uations

Conversion : of energy deposited in the crystal

into visible photons with an efficiency Cp.

Escape of these photons from scintillator with a
probability Tp, determined by transparency of the

scintillator.

Light collection at photocathode of photomultiplier

with an efficiency Gp for that crystal-PM assembly.
Production of electrons by photocathode with an
efficiency Q, defined as quantum efficiency of
photocathode,

Collection of these photoelectrons at first dynode

of PM tube with an efficiency Fc.

Multiplication in photomultiplier dynode structure

with an overall gain M.

All these processes have normal statistical f£luct-

as well as some effects which are non-statistical
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in nature. Breitenberger (1955) has studied the detailed
statistical theory of variance of output pulse anplitude
distribution in terms of variance in individual processes
leading to this pulse. He has shown that probabilities
Tp, Gp, Q and FC are all instrumental constants of given
scintillation spectrometer and are also mutually inter-
dependent and therefore can not be treated independently.
These four probabilities can be defined by a single proba-
bility P = Tp Gp Q FC which is tﬁe probability that an
optical photon produces a photoelectron which reaches the

first dynode. P is called transfer efficiency of the

spectrometer,

Thus, the mean number of electrons arriving at the
anode of photomultiplier. following total absorption of each

photon is given by

N=58 .p.M

where n is average number of optical photons produced by
the incident photon
p is mean transfer efficiency as defined above and
| M is mean overall gain of photomultiplier.
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If V{n), V{p) and V(M) are the fractional variances
{standard dejé@tion)z or Vi{n) _ 32

(average) 72
of photons emitted, photon transfer efficiencyand electron

in number

Eéfined as

multiplication respectively, then fractional variance in

pulse height,V(N), is given by ({(Breitenberger 1955)

V{(N) = V{(p) + [&+V(p{]ty(n)- %] + i;Zéﬂl (AIz1)
n np
ang V(M) = Vl(R) + V{(R) ,,___13_._____ (AT32)
R; (R-1)

where Ry and R are mean gaimsof first dynode and subsequent

dynodes respectively and Vl(R) and V(R) are their variances.

Shape of final pulse height distribution is deter-
mined by superposition of probability distribution of above
parameters., Final pulse height distribution will have a
G aussian shape if parameter distribution itself is a ﬁarrow
G aussiane. It can be shown that when average number of
phatons n emitted per scintillation is large, the shape of
pulse height distribution for totally. absorbed mono-
energetic incident photons can be closely approximated by
a Gaussian distribution. In this case,probability of
obtaining a pulse height corresponding to energy E', when
energy loss in crystal is E, is given by

1 ~(E~E')2_—

PE,BE') = ——— eXP |
J2Tro(E) 2 g (E)
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The width of any distribution is usually defined in
terms of the full width of pulse helght distribution at half
maximun of the pulse height (FWHM), For a Gaussian pulse.
height distribution FWHM is related to standard deviation

g~ by the relation.
FWHM = 2 ’21n2 g{E) = 2,354 (E)

A useful figure of merit for a photon spectrométer
is the ratio of the full width of the pulse height distri-
bution at half maximum of pulse height to the pulse height
at the maximum of distribution., This quantity, commonly
known as resolution, can be Written in terms of fractional

variance as

_ (FWHM) 2 _
/ &= —— He 56 T = 5,56V (N)
Yk (N) 2 M2

or'Yt = 2,354 iv(N)

For getting best resolution {(i.e. smallest practi-
cable value of T\) even in presence of V{p) and nonstatis-
tical variance in V{(n), we see from equations AI:l and AI:2
that

i) n should be large i.e. the scintillator must have

a high scintillation efficiency.
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iii)
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Photon transfer efficiency p must be made as high
as possible by increasing the light collection,
through use of suitable optical coupling between
the phosphor and photomultiplier to minimise the
loss due to total internal reflection at the
phosphor -~ photomultiplier interface:; by the use
of photomultiplier with high quantum efficiency
in the wave length region in which phosphor emits:
and by choice of photomultiplier- which collects a
large fraction of photoelectrons emitted by the
photocathode at the first dynode. Also, the
electrons emitted by photocathode should be
shielded from magnetic fields, including earth's
magnetic field, to prevent them being deflected
away from the dynode, which can be achieved by
enclosing the photomultiplier tube within a

magnetic shield.

R, should be large, i.e. first dynode gain should
be high, so that V(M) is small., This can be done
by keeping the voltage between cathode and first
dynode as high as the tube will permit without

increasing the tube noise.

The non-statistical terms in varilance of

n, p and M are due to:
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i) Local variatiorsin the luminescence efficiency of
phosphor, produced by inhomogenaties in the acti-

vator concentration, lattice effect etc.

ii) Differing photon collection efficiency of photo-
cathode from event to event for scintillations
occuring at different points in the phosphor,
because of variations in optical geometry and
presence of optical flaws in crystal, Also,
photocathode conversion efficiency differs from
one point to another, This effect can be mini-
mised by choosing phosphors free from optical
flaws {so that it has same transparency at every
point) and by the use of a short light pipe
between crystal and photomultiplier, which distri-
butes light over a larger area o: photocathode
to reduce the effect of non-uniformity in response

of photocathode,

iii) Variation in fraction of electrons collected by
dynodes, especially the first, because of poor
focussing and inhomogeneous dynode surfaces. This
can be minimised through choice of a good photo-
multiplier tube and by enclosing it in a magnetic

shield.
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In the ideal case when non-statistical fluctu-
ations in n and M are negligible and only normal Poisson
fluctuations o@eur in the producticn of photons in the
scintillator ((T‘=dr§~;yv(n) = % ), in the multiplication

= 1
process in photomultiplier tube (QE~=JR ; VR) = ) and

el |

photon transfer efficiency remains constant[V(p) = ép,

fractional variance in final pulse height will be given by

V(N) = %igigi (AI:3)
np
where Vo) = v, R) +V(R)—— (AI:4)
R (R-1)
. 1
= V(R):E— assuming same average gain for
R=-1
each dynode; Rl = R
R R~1 R-1

A Nal (Tl) scintillator has a scintillation efficiency

of v 13%. The fluorescent photons are emitted at wave-
o. .

length close to 4200 A {(h = 3 e V). Thus we require

(3.0/0.13) e V or 23 e V per fluorescent photon.

Thus, average number of optical photons for an

incident X-ray photon of energy E keV will be

S
il

«023
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Also, light collection to photocathode is rarely
better than 60% and photocathode efficiency of an 5-11
cathode (like say in RCA 8055 PM tube used in present

experiment) is about 20%.

Therefore,P = «6 X «2 = .12, assuning 100% trans-
parency of crystal to its own radiation and collection of

all photoelectrons at first dynode.

Total gain of a typical photomultiplier tube isrle6,
which gives Ras4 for a 10 dynode stage photomultiplier tube.

- 1 -
Therefore,V{(M) = —== .33

Substituting above values in equation Al:3 we get fractional

variance in pulse height as

- 11 _ 11 x .923 _ 225
a

1433

V(N) = = =

and resolution‘q is

Y\ 2.35W - 2135\/—%;“: e 25 - 2 3{5_@_}{ oD

it

or q e le2 5O

5
,JV(N).EQ = L%E E% = J 258
1

Thus, in ideal case g~ varies as .SE"ﬁ; But in pra-

and g

it

ctice such small value ofqQ~ is rarely achieved, because in
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practical spectrometers V{p), V{n) -and V(M) have both non-
statistical as weli as statistical terms. The values of
these terms aredifferent for different scintillator -
photomultiplier tube assemblies., and can not be completely
determined theoretically. In addition to the theoretical
estimates, the shape and width of pulse height distribution
for X-ray telescopesused in present experiments were also
evaluated using radicactive sources, as described in

Chapter II.
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